






































ࡿ㧗࿘Ἴ⬦ືࢆ᭷ࡍࡿ஘ὶሙࢆㄪᰝࡍࡿ㸬୺࡟ Particle Image Velocimetry㸦PIV㸧࡟ࡼࡿᐇ㦂
ࢆ⾜࠸㸪ὶࢀࡢ㠀ᐃᖖ㏿ᗘሙࢹ࣮ࢱࢆྲྀᚓࡋࡓ㸬ヨ㦂༊㛫ࡣ஧ࡘࡢ᭤ࡾ࡜┤⟶࠿ࡽᵓᡂࡉࢀ
ࡿ SᏐᙧ≧ࢆᡂࡋ㸪PIV࡟࠾ࡅࡿ⏬ീࡦࡎࡳࢆ㑊ࡅࡿࡓࡵ࡟ṇ᪉ᙧ᩿㠃ࢆ᭷ࡍࡿ㸬సືὶయ













ⓗ࡞ Dean ࠿ࡽᵓᡂࡉࢀࡿࡀ㸪ୗὶഃ࡟఩⨨ࡍࡿ➨ ʹ᭤ࡾᚋ࡛ࡣ㸪Dean ࡜㏫ᅇ㌿ࡢ Lyne






ࠕ஧ḟὶࢀࡢ㠀ᐃᖖⓗ≉ᛶ ࢆࠖㄪᰝࡍࡿࡓࡵ࡟㸪᫬⣔ิࢫࢸࣞ࢜ ィ ࢆ⏝࠸ࡓ㸬ྲྀ ᚓ
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ࡋࡤⓏሙࡋ[12-16]㸪㏆ᖺ࡛ࡣ 3ḟඖࡢ Computational Fluids Dynamics㸦CFD㸧ゎᯒࢆ⏝࠸࡚



























 ᅗ 1.1 4Ẽ⟄࢞ࢯ࢚ࣜࣥࣥࢪࣥࡢ᤼Ẽ⣔
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 ᅗ 1.2 4Ẽ⟄࢞ࢯ࢚ࣜࣥࣥࢪࣥ㸦࣮ࣔࢱ㥑ື㸧ࡢ᤼Ẽὶ㏿ᗘ㸬⇕
⥺ὶ㏿ィ࡟ࡼࡿ ᐃ⤖ᯝ

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  

 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲























 ஧ḟὶࢀࡣ 100 ᖺ௨ୖ๓࠿ࡽࡑࡢᏑᅾࡀ♧၀ࡉࢀ࡚ࡁࡓࡀ㸪᭱ࡶඛ㥑ⓗ࡞ᡂᯝࢆᣲࡆࡿ
࡜ࡍࢀࡤ 1927ᖺ࡜ 1928ᖺ࡟Ⓨ⾲ࡉࢀࡓ Dean [30, 31] ࡢゎᯒࡔࢁ࠺㸬Deanࡣᅗ 1.3࡟♧ࡍ
ᗙᶆ⣔ࢆ⏝࠸㸪୺ὶ᪉ྥ࡟㏿ᗘࡀ୍ᵝ࡛࠶ࡿ࡜௬ᐃࡋ࡚㸪㠀ᅽ⦰ᛶ⢓ᛶὶయ࡟ᑐࡍࡿ Navier-
Stokes ᪉⛬ᘧࡢ⌮ㄽゎᯒࢆ⾜ࡗࡓ㸬ᚓࡽࢀࡓ⤖ᯝࡣ Eustice [32, 33] ࡟ࡼࡿ᭤ࡾ⟶ෆὶࢀࡢ






࡞ࣃ࣓࣮ࣛࢱࢆᑟฟࡋࡓ㸬ࡇࢀࡣᚋ࡟ Dean ᩘ࡜࿧ࡤࢀࡿࡇ࡜࡟࡞ࡾ㸪ᩥ⊩ [31] ࡛♧ࡉࢀ
ࡓ࢜ࣜࢪࢼࣝࡢ⾲⌧ࢆ⏝࠸ࡿ࡜ḟࡢࡼ࠺࡟࡞ࡿ㸬 

➨  ❶ ᗎㄽ











ܭ ൌ ʹ݊ଶܽ ܴΤ Ǥ (1.1) 
nࡣᖹᆒ㏿ᗘ࡜⟶㊰┤ᚄ࡟ᇶ࡙ࡃ Reynoldsᩘ࡛࠶ࡾ㸪aࡣ⟶㊰᩿㠃ࡢ༙ᚄ㸪Rࡣ᭤ࡾࡢ᭤⋡
༙ᚄ࡛࠶ࡿ㸬 
 Deanࡢ⌮ㄽゎᯒࡣᘧ (1.1) ࡢࣃ࣓࣮ࣛࢱ Kࡀ ൏ͷ͹͸ࡢ᫬࡟᭷ຠ࡛࠶ࡾ㸪൒ͷ͹͸࡬ࡢ
ᣑᙇࡣMcConalogue & Srivastava [34] ࡟ࡼࡗ࡚ 1968ᖺ࡟Ⓨ⾲ࡉࢀࡓ㸬ᙼࡽࡣࣃ࣓࣮ࣛࢱ K
࡟௦ࢃࡾ㸪 
ᅗ 1.3 Deanࡀゎᯒ࡛⏝࠸ࡓᗙᶆ⣔ [30]㸬ᅗ୰ࡢ
෇ࡣ༙ᚄ aࡢ᭤ࡾ⟶᩿㠃ࢆ⾲ࡍ
ᅗ 1.4 ᭤ࡾ⟶᩿㠃ෆࡢὶࢀࡢᵝ┦㸸Dean  [30]

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  

ܦ݊ ൌ Ͷܴ݁ඨʹܴܽ ൌ Ͷξܭǡ 
(1.2) 
ࢆ⏝࠸࡚㸪ͻ͸൑൑͸ͲͲࡢ⠊ᅖ࡛ゎᯒࢆ⾜ࡗࡓ㸬ΰ஘ࢆ㑊ࡅࡿࡓࡵ࡟ᘧ (1.2) ࡣ࢜ࣜࢪࢼ
ࣝࡢ᭩ࡁ᪉ [34] ࡛ࡣ࡞ࡃ㸪Verkaik et al. [35] ࡜ྠࡌᩥᏐࢆ౑⏝ࡋ࡚࠸ࡿ㸬Reࡣ Reynoldsᩘ
ࢆ⾲ࡋ㸪ᘧ (1.1) ࡢ n࡜ྠᵝ࡟୺ὶ᪉ྥࡢᖹᆒ㏿ᗘ࡜⟶㊰┤ᚄ࠿ࡽồࡵࡽࢀࡿ㸬McConalogue 
& Srivastava [34] ࡣ㸪Dean [30] ࡀ♧ࡋࡓࡼ࠺࡞஧ḟὶࢀ࡟ຍ࠼࡚㸪୺ὶ㏿ᗘࡢࣆ࣮ࢡࡀእ
ഃࡢቨ࡟⛣ືࡍࡿ≉ᚩࢆ᫂ࡽ࠿࡟ࡋࡓ㸬ᅉࡳ࡟ Deanᩘࡣ 


























ሙྜࡶ࠶ࡿ [35, 42]㸬  

➨  ❶ ᗎㄽ


















㛫ᖹᆒ್࡟㛵ࡋ࡚ࡣᒙὶ᫬࡜኱ᕪ࡞࠸ࡼ࠺࡛࠶ࡿ㸬౛࡜ࡋ࡚ 1998ᖺࡢ Sudo et al. [44] ࡢᐇ
㦂⤖ᯝࢆ⤂௓ࡍࡿ㸬ᐇ㦂ࡣ 90°᭤ࡾࢆྵࡴὶ㊰㸦ᅗ 1.7㸧ࢆ⏝࠸࡚ࣞ࢖ࣀࣝࢬᩘࡀ ൌ͸ͲǡͲͲͲ
ࡢ᮲௳ୗ࡛⾜ࢃࢀ㸪ᅇ㌿ࣉ࣮ࣟࣈἲ [45, 46] ࢆ㐺⏝ࡋࡓ⇕⥺ὶ㏿ィࡀ౑⏝ࡉࢀࡓ㸬ࡲࡓ㸪⟶
㊰ቨ㠃ࡢ㟼ᅽࡶィ ࡉࢀ࡚࠾ࡾ㸪ࡲࡎࡣࡑࡢ⤖ᯝࢆ♧ࡍ㸦ᅗ 1.8㸧㸬ࢢࣛࣇ࡟ࡣ᭤ࡾࡢእഃ
ᅗ 1.5  Bovendeerd et al.ࡢᐇ㦂⿦⨨㸦ᕥ㸧࡜ᗙᶆ⣔㸦ྑ㸧 [41]
ᅗ 1.6 x᪉ྥ㏿ᗘศᕸ㸦ᕥ㸧࡜ y᪉ྥ㏿ᗘศᕸ㸦ྑ㸧 [41]㸬ᗙᶆ⣔ࡢᐃ⩏ࡣ
ᅗ 1.5࡟♧ࡍ㏻ࡾ㸬㸦ୖ㸧z = 0㸪㸦ୗ㸧z = 1.0㸬ᅗ୰ࡢ O㸪Iࡣࡑࢀࡒࢀ
᭤ࡾࡢእഃ㸪ෆഃࢆ⾲ࡍ

➨  ❶ ᗎㄽ




















ᅗ 1.7 Sudo et al.ࡀ⏝࠸ࡓᐇ㦂⿦⨨ [44]
ᅗ 1.8 90°᭤ࡾ⟶㊰ቨ㠃㸦᭤ࡾእഃ㸪ෆഃ㸪ᗏ㠃㸧࡟࠾ࡅࡿᅽຊศᕸ [44]㸬
ᶓ㍈㸸⟶㍈᪉ྥࡢ㊥㞳㸪⦪㍈㸸ᅽຊಀᩘ

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  












࠶ࡿ࡜ㄆ㆑ࡉࢀ࡚࠸ࡓ㸬ࡋ࠿ࡋ 1960ᖺ௦࡟ධࡿ࡜㸪ࡑࡢᖖ㆑ࡣ୺࡟ Kline et al. [50] ࡢ◊✲
࡟ࡼࡗ࡚そࡉࢀࡓ㸬ᙼࡽࡣ஘ὶቃ⏺ᒙࡢࢫࢺ࣮ࣜࢡᵓ㐀ࢆྍど໬ࡋ㸪஘ὶ୰ࡢ⛛ᗎࡔࡗࡓ㐠
ື㸦㸻⤌⧊ᵓ㐀㸧ࡢᏑᅾࡀ☜࠿࡞ࡶࡢ࡟࡞ࡗࡓ㸬⟶ෆὶࢀ࡟࠾࠸࡚ࡶ㸪኱つᶍ࡞✵㛫ࢫࢣ࣮
ࣝࢆ᭷ࡍࡿὶࢀᵓ㐀㸦large-scale motion㸹LSM㸪very large-scale motion㸹VLSM㸧ࡀ◊✲ࡉࢀ 





⊩࡛᭱ึ࡟⏝࠸ࡓࡢࡣ 1998ᖺࡢ Brücker [57] ࡛࠶ࡿ㸬ࡓࡔ㸪᭤ࡾ⟶ෆ஘ὶሙ࡟࠾ࡅࡿ஧ḟ








➨  ❶ ᗎㄽ











Ⅼྠ᫬ィ ࢆ᫬⣔ิⓗ࡟⾜࠺ᚲせࡀ࠶ࡾ㸪ᩘ್ィ⟬࡛ࡣ Large Eddy Simulation㸦LES㸧ࡢࡼ
࠺࡞㠀ᐃᖖᛶ࡟ᙉ࠸ᡭἲࡀᚲ㡲࡛࠶ࡿ㸬 
 Brücker [57] ࡣ㸪90°᭤ࡾ⟶࡟࠾ࡅࡿ ൌʹ ǡͲͲͲ, ͷǡͲͲͲࡢ஘ὶሙࢆ PIV࡟ࡼࡗ࡚ィ ࡋࡓ㸬
ィ ⤖ᯝ࡜ࡋ࡚㸪᭤ࡾୗὶ࡟఩⨨ࡍࡿ᩿㠃࡛ࡢ㠃ෆ㏿ᗘࢆᅗ 1.11 ࡟♧ࡍ㸬௦⾲ⓗ࡞ 2 ᫬้
ࡢ࣋ࢡࢺࣝሙࢆ♧ࡋ࡚࠾ࡾ㸪ᅗ୰ࡢ㉥⥺ࡣ஧ḟὶࢀᵓ㐀࡟㛵ࡍࡿ࠾࠾ࡼࡑࡢᑐ⛠㠃ࢆ⾲ࡍ㸬
ὶࢀሙࡣ Dean  ࡢࡼ࠺࡞ᵓ㐀࡟㏆࠸ࡀ㸪ࡑࡢᑐ⛠㠃ࡣ᫬㛫ⓗ࡟᣺ືࡋ࡚࠾ࡾ㸪Tunstall & 
Harvey [58] ࡀሗ࿌ࡋࡓࡼ࠺࡞ࢫ࢖ࢵࢳࣥࢢ⌧㇟࡜ఝࡓ≉ᚩࢆ♧ࡋ࡚࠸ࡿ㸬ࡲࡓ㸪᣺ືࡢ࿘
Ἴᩘ≉ᛶࢆㄪ࡭ࡿࡓࡵ࡟㸪࠶ࡿ୍Ⅼࡢ㏿ᗘኚືࢆྲྀࡾฟࡋ㸪ࡑࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝࢆồࡵࡿ
ᅗ 1.10 Tunstall & Harveyࡀ♧ࡋࡓὶࢀࣃࢱ࣮ࣥ [58]㸬
㸦a㸪b㸧ࡣࡑࢀࡒࢀࢫ࣮࣡ࣝࡢᅇ㌿᪉ྥࡀ␗࡞ࡿ

➨  ❶ ᗎㄽ











 2005ᖺ㸪Rütten et al. [56] ࡣ ൌͷǡͲͲͲ̱ʹ͹ǡͲͲͲ࡛᭤ࡾ⟶ෆ஘ὶࡢ LESࢆ⾜࠸㸪Dean 
ࡢ᣺ື⌧㇟ࢆሗ࿌ࡋࡓ㸬ᙼࡽࡣ㸪ὶࢀࡢ๤㞳ࡀ㉳ࡁ࡞࠸᮲௳ୗ࡛ࡶDean ࡢ᣺ືࢆⓎぢࡋ㸪








ⓗ࡞኱ࢫࢣ࣮ࣝኚືࢆ⏕ࡳฟࡋ࡚ࡋࡲ࠺㸬ࡇࢀ࡟ࡘ࠸࡚ࡣ㸪Carlsson et al. [60] ࡶ⮬㌟ࡢ LES




➨  ❶ ᗎㄽ




 Sakakibara et al. [61] ࡣ㸪90°᭤ࡾ⟶ෆ஘ὶ㸦ൌͳʹͲǡͲͲͲ㸧࡟ᑐࡍࡿࢫࢸࣞ࢜ PIV⤖ᯝࢆ
2010 ᖺ࡟Ⓨ⾲ࡋࡓ㸬ᚓࢀࡽࡓ㏿ᗘࢹ࣮ࢱࡣ஘ὶኚືࢆྵࢇ࡛࠸ࡿࡢ࡛㸪ࡑࡇ࠿ࡽ⤌⧊ᵓ㐀




⊩࡛Ⓩሙࡍࡿࡀ [38, 59-61, 64-67]㸪POD ࣮ࣔࢻࡀ♧ࡍ஧ḟὶࢀᵓ㐀ࡣඹ㏻ࡢ≉ᚩࢆ♧ࡍࡇ
࡜ࡀከ࠸ࡼ࠺࡛࠶ࡿ㸬ࡇࡇ࡛ࡣ౛࡜ࡋ࡚㸪Hufnagel et al. [59] ࡟ࡼࡿ 90°᭤ࡾ⟶ෆ஘ὶ㸦ൌ
ͳͳ͹ǡͲͲͲ㸧ࢆᑐ㇟࡜ࡋࡓ Direct Numerical Simulation㸦DNS㸧ࢹ࣮ࢱࡢ PODゎᯒ⤖ᯝࢆ⤂௓ࡍ



















ࡽ㸪Kalpakli Vester et al. [67] ࡶ VLSM࡜ Swirl-switchingࡢ㛵ಀᛶࢆᨭᣢࡋࡓ㸬ࡇࡢ௬ㄝࡣ௚
࡟ࡶ㸪Hellström et al. [66] ࡸ Carlsson et al. [60] ࡟ࡼࡗ࡚ᨭᣢࡉࢀࡓ㸬 
ᅗ 1.12 90°᭤ࡾ⟶ෆ஘ὶࡢ DNSࢹ࣮ࢱ࡟ᑐࡍࡿ 2ḟඖ PODゎᯒ⤖ᯝ [59]㸬ᕥ࠿ࡽ
࣮ࣔࢻ 1~3㸬ὶ⥺ࡣ஧ḟὶࢀ㸪࣮࢝ࣛࢥࣥࢱ࣮ࡣ୺ὶ㏿ᗘᡂศࢆ⾲ࡍ 

➨  ❶ ᗎㄽ




Noorani & Schlatter [69, 70] ࡣ㸪┤⟶㒊ࡀᏑᅾࡋ࡞࠸ࢺࣟ࢖ࢲࣝᙧ᭤ࡾ⟶ෆ஘ὶ㸦ൌͳͳǡ͹ͲͲ㸧
ࡢ DNSࢆ⾜࠸㸪ᚓࡽࢀࡓ㏿ᗘࢹ࣮ࢱ࡟ᑐࡋ࡚ 3ḟඖࡢ PODゎᯒࢆ㐺⏝ࡋࡓ㸬ᅗ 1.12୰ࡢ
࣮ࣔࢻ 1 ࡢࡼ࠺࡞᩿㠃඲యࢆ୍ࡘࡢࢫ࣮࣡ࣝὶࡀ༨ࡵࡿᵓ㐀ࡣ⌧ࢀ࡞࠿ࡗࡓࡀ㸪POD ࣮ࣔ
ࢻࢆ⏝࠸ࡓὶࢀࡢ෌ᵓᡂ࡟ࡼࡗ࡚ Swirl-switching ࡢᏑᅾࡀㄆࡵࡽࢀࡓ㸬ᙼࡽࡢ⤖ㄽࡣ᫂░
࡛㸪┤⟶㒊ࡀᏑᅾࡋ࡞࠸ᙧ≧࡟࠾࠸࡚ࡶ Swirl-switchingࡀⓎ⏕ࡍࡿࡇ࡜ࡣ㸪ࡑࡢ㉳※ࡣ᭤ࡾ
ࡑࡢࡶࡢ࡟࠶ࡿࡇ࡜ࢆព࿡ࡍࡿ㸪࡜ࡋ࡚࠸ࡿ㸬Hufnagel et al. [59] ࡶࡲࡓ㸪Swirl-switchingࡣ
᭤ࡾ࠿ࡽⓎ⏕ࡍࡿ⌧㇟࡛࠶ࡿ࡜୺ᙇࡋ࡚࠸ࡿ㸬ࡼࡾලయⓗ࡟ࡣ㸪ࢫ࢖ࢵࢳࣥࢢࡢ㉳※ࡣ᭤ࡾ
࡛Ⓨ⏕ࡍࡿἼ≧ᵓ㐀㸦wave-like structure㸧࡛ ࠶ࡾ㸪ࡇࡢᵓ㐀ࡣ 90°᭤ࡾ⟶ෆ஘ὶ㸦ൌͳͳǡ͹ͲͲ㸧
ࡢ DNS ࡛ᚓࡽࢀࡓ㏿ᗘࢹ࣮ࢱ࡟ᑐࡍࡿ 3 ḟඖ POD ゎᯒ࡟ࡼࡗ࡚≉ᐃࡉࢀࡓ㸬ᅗ 1.13 ࡣ








ᅗ 1.13 90°᭤ࡾ⟶ෆ஘ὶࡢ DNSࢹ࣮ࢱ࡟ᑐࡍࡿ 3ḟඖ PODゎᯒ⤖ᯝ [59]㸬
ᕥ࠿ࡽ࣮ࣔࢻ 1~4㸬࣮࢝ࣛࢥࣥࢱ࣮ࡣ᩿㠃࡟ᆶ┤࡞㏿ᗘᡂศࢆ⾲ࡍ 

➨  ❶ ᗎㄽ













➨ 2 ✀஧ḟὶࢀࡣ㠀ᖖ࡟ᚤᙅ࡛࠶ࡿ㸬➨ 1 ✀஧ḟὶࢀࡀ୺ὶ࡟ᑐࡋ࡚ᩘ 10%⛬ᗘࡢᙉᗘࢆ













㠀෇ᙧ᩿㠃ࢆ᭷ࡍࡿ⟶ࡀ᭤ࡆࡽࢀࡿ࡜㸪⟶ෆ࡛ࡣ➨ 1 ✀஧ḟὶࢀ࡜➨ 2 ✀஧ḟὶࢀࡀΰ
ᅾࡍࡿࡇ࡜࡟࡞ࡿ㸬ࡇࢀ࡟ࡘ࠸࡚㸪ṇ᪉ᙧ᩿㠃ࢆ᭷ࡍࡿ 90°᭤ࡾ⟶ෆ஘ὶ㸦ൌͶͲǡͲͲͲ㸧ࢆ
ᑐ㇟࡜ࡋࡓᐇ㦂ⓗ [73, 74]㸪ᩘ ್ゎᯒⓗ [75, 76] ◊✲ࡀ 1989ᖺ࡜ 1995ᖺ࡟ࡑࢀࡒࢀⓎ⾲ࡉ
ᅗ 1.14 ṇ᪉ᙧ᩿㠃ࢆ᭷ࡍࡿ┤⟶ෆࡢ➨ 2✀஧ḟὶࢀ㸦࣋ࢡࢺࣝ㸧࡜
୺ὶ㏿ᗘศᕸ㸦➼㧗⥺㸧 [72] 

➨  ❶ ᗎㄽ







ὶࡍࡿ㸬ᅗ 1.15 ࡟㸪90°᭤ࡾୖὶࡢ┤⟶࡟࠾ࡅࡿ஧ḟὶࢀࡢⓎ㐩㐣⛬ [75] ࢆ♧ࡍ㸬ᅗࡢᕥ
ิࡀṇ᪉ᙧ᩿㠃ࡢୗ༙ศ࡟࠾ࡅࡿ஧ḟὶࢀ㸪ྑ ิࡀᅽຊศᕸࢆ⾲ࡍ㸬᭤ࡾධཱྀ࠿ࡽ2.8Dh㸦Dh㸸
Ỉຊ┤ᚄ㸧ୖ ὶ࡛ࡣ㸦ᅗ୰ࡢ᭱ୖ㒊㸧㸪ṇ᪉ᙧ᩿㠃࡟඾ᆺⓗ࡞➨ 2✀஧ḟὶࢀࡀほᐹࡉࢀࡿ㸬











ୖ࠿ࡽ㡰࡟㸪᭤ࡾධཱྀ࠿ࡽ 2.8 Dh㸪1.6 Dh㸪0.8 Dh㸪0.4 Dhୖὶࡢ᩿㠃 

➨  ❶ ᗎㄽ










ࢪࣥࡢ✵Ẽᑟධ㒊ࡢࡼ࠺࡞ S Ꮠᙧ≧⟶ෆ஘ὶࡢ◊✲ [82-87] ➼ࡀ࠶ࡿ㸬ࡇࡇ࡛ࡣ㸪ᮏ◊✲
࡜ࡢ㛵㐃ᛶࡶᙉ࠸ SᏐᙧ≧⟶ෆࡢὶື≉ᛶࢆ⤂௓ࡍࡿ㸬 
᝿ീ࡟㞴ࡃ࡞࠸ࡀ㸪SᏐᙧ≧ࡢὶ㊰ෆ࡛Ⓨ㐩ࡍࡿ஧ḟὶࢀࡣ༢⣧࡞ 90°᭤ࡾ⟶ෆࡼࡾࡶ」
㞧࡛࠶ࡿ㸬Ng et al. [86] ࡀሗ࿌ࡋࡓᐇ㦂ⓗ◊✲ࡣࡇࡢࡇ࡜ࢆ♧၀ࡋ࡚࠸ࡿ㸬ᙼࡽࡣ㸪ṇ᪉ᙧ
ᅗ 1.16 90°᭤ࡾୗὶࡢ┤⟶࡟࠾ࡅࡿ஧ḟὶࢀ㸦ᕥ㸧࡜ᅽຊศᕸ㸦ྑ㸧[75]㸬ୖ࠿ࡽ
㡰࡟㸪᭤ࡾฟཱྀ࠿ࡽ 0.13 Dh㸪1.0Dh㸪5.0 Dh㸪7.76 Dh㸪10.9 Dhୗὶࡢ᩿㠃 

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  

᩿㠃ࢆ᭷ࡍࡿ SᏐᙧ≧ࢲࢡࢺෆࡢ஘ὶሙ㸦ൌͶ͹ǡ͵ͲͲ, ͳͶ͹ǡͲͲͲ㸧ࢆ㸪ᅗ 1.17࡟♧ࡍࡼ࠺࡞
3✀㢮ࡢᙧ≧ࢆ⏝࠸࡚ᐇ㦂ⓗ࡟ㄪᰝࡋࡓ㸬஧ࡘࡢ᭤ࡾ㏻㐣ᚋࡢࢲࢡࢺฟཱྀ࡟࠾ࡅࡿ㠃ෆ㏿ᗘ
















ᅗ 1.17 Ng et al. ࡀ⏝࠸ࡓṇ᪉ᙧ᩿㠃ࢆ᭷ࡍࡿ SᏐᙧ≧ࢲࢡࢺ [86] 
ᅗ 1.18 SᏐᙧ≧ࢲࢡࢺ㸦Test section 3㸸ᅗ 1.17㸧ฟཱྀࡢ
㠃ෆ㏿ᗘ [86]㸬ൌͶ͹ǡ͵ͲͲ 

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  

SᏐᙧ≧ࡢὶ㊰ࢆⓎ㐩ࡍࡿὶࢀᵓ㐀࡟ࡘ࠸࡚㸪Niazmand & Rajabi Jaghargh [88] ࡣୖグࡼ
ࡾࡶ㢧ⴭ࡞≉ᚩࢆ♧ࡋ࡚࠸ࡿ㸬ᙼࡽࡣ⾑⾜ຊᏛⓗㄪᰝ࡜ࡋ࡚㸪᭤ࡆゅࡀ␗࡞ࡿ 3✀㢮ࡢ SᏐ
ᙧ≧⟶ෆࡢᩘ್ゎᯒ㸦ᒙὶ㸪ᐃᖖ㸪㠀ᅽ⦰㸪ࢽ࣮ࣗࢺࣥὶయ㸧ࢆ⾜ࡗࡓ㸬ൌͻͲͲ᫬ࡢ୺ὶ
㏿ᗘศᕸࢆᅗ 1.19࡟♧ࡍ㸬᭤ࡆゅ㸦sweep angle㸧ࡀ 90°࡜ 135°ࡢ⟶㊰ෆ࡛ࡣ㸪ྛ᭤ࡾࢆ㏻㐣
ࡍࡿ࡜୺ὶ㏿ᗘࡢ㧗㏿ᇦࡀእቨഃ࡟ࢩࣇࢺࡍࡿ඾ᆺⓗ࡞ഴྥࢆ♧ࡍ㸬୍ ᪉᭤ࡆゅࡀ 45°ࡢ⟶
㊰ࡢሙྜࡣ㸪➨ 2᭤ࡾ㏻㐣ᚋࡢ୺ὶ㧗㏿ᇦࡀෆቨഃ࡟ᐃᅾࡋ࡚࠸ࡿ㸬ࡇࢀࢆㄝ᫂ࡍࡿࡢࡀᅗ
1.20࡟♧ࡍ➨ 2᭤ࡾ࡟࠾ࡅࡿ஧ḟὶࢀᵓ㐀࡛࠶ࡿ㸬᭤ࡆゅࡀ 45°ࡢ⟶㊰࡛ࡣ㸪➨ 2᭤ࡾࡢ஧
ḟὶࢀࡀ➨ 1᭤ࡾࡢ஧ḟὶࢀࢆྲྀࡾᅖࡴࡼ࠺࡞ᵝ┦ࢆ࿊ࡋ࡚࠸ࡿ㸬ࡇࢀ࡟ࡼࡾ㸪᩿ 㠃୰ኸ࡛
ࡣෆቨ࠿ࡽእቨ࡬ྥ࠿࠺඾ᆺⓗ࡞஧ḟὶࢀࡀ࡞࠸ࡢ࡛㸪㧗㏿ᇦࡢእቨഃ࡬ࡢࢩࣇࢺࡀ⏕ࡌ
࡞࠸ࡼ࠺࡛࠶ࡿ㸬Mazhar et al. [87] ࡶࡲࡓ㸪SᏐᙧ≧⟶ෆࡢ஘ὶሙィ 㸦ൌͶͲǡͲͲͲ, ͹ͲǡͲͲͲ㸧







ᅗ 1.19 SᏐᙧ≧෇⟶ෆࡢ୺ὶ㏿ᗘศᕸ [88] 

➨  ❶ ᗎㄽ











ᮏ㉁ⓗ࡟ࡣ⬦ືὶ࡜ྠࡌព࿡࡛࠶ࡿ㸬ⱥㄒ࡛ࡣ㸪pulsatile flow㸪ࡶࡋࡃࡣ pulsating flow࡜࠸
࠺㸬ᩥ⊩࡛ࡣ௚࡟㸪oscillatory flow㸦᪥ᮏㄒ࡛ࡣ᣺ືὶ㸧ࡶࡋࡤࡋࡤⓏሙࡍࡿ㸬୍⯡࡟㸪㏿ᗘ
ࡸᅽຊ໙㓄ࡀࢮࣟࢆ୰ᚰ࡟ኚືࡍࡿὶࢀࢆ oscillatory flow㸦᣺ືὶ㸧㸪ࢮ࡛ࣟ࡞࠸ᖹᆒᡂศࢆ
୰ᚰ࡟ኚືࡍࡿὶࢀࢆ pulsatile flow㸦⬦ືὶ㸧࡜࿧ࡪ [90]㸬 
⬦ືὶࡣ㸪࢚ࣥࢪࣥ྾᤼Ẽࡸ࣏ࣥࣉᅽ㏦᫬➼ࡢὶࢀ࡜ࡋ࡚ᶵᲔᕤᏛศ㔝࡛◊✲ᑐ㇟࡜࡞
ࡿࡀ㸪Ṕྐⓗ࡟ࡣ⾑⾜ຊᏛศ㔝࡛Ⓨᒎࡋ࡚ࡁࡓ࡜ゝࡗ࡚Ⰻ࠸ࡔࢁ࠺㸬౛࠼ࡤ㸪1955 ᖺ࡟Ⓨ




ߙ ൌ ܴට݊ߥǡ (1.4) 




Womersley ᩘࡀ኱ࡁ࠸࡜㠀ᐃᖖⓗ࡞ຠᯝࡀᙉࡃ࡞ࡿ㸬ᅗ 1.21 ࡣ㸪᣺ືᒙὶሙ࡟ᑐࡍࡿ 2 ḟ
ඖゎᯒゎ [92] ࢆ♧ࡋ࡚࠾ࡾ㸪఩┦ࡀ ɘൌͲ̱͹ɎȀͶ㸦ɘࡣ᣺ືࡢゅ࿘Ἴᩘ㸪ࡣ᫬㛫㸧࡟࠾
ᅗ 1.20 SᏐᙧ≧෇⟶ෆࡢ➨ 2᭤ࡾ࡟࠾ࡅࡿ஧ḟὶࢀ [88] 

➨  ❶ ᗎㄽ


















ࡓࡢ࡛㸪௒࡛ࡣ Lyne  ࡜࿧ࡤࢀ࡚࠸ࡿ㸬Lyne ࡣ Dean [30, 31] ࡀᐃᖖゎᯒ࡛⏝࠸ࡓᗙᶆ⣔
㸦ᅗ 1.3㸧ࢆ⏝࠸㸪୺ὶࡢᅽຊ໙㓄ࡀࢮࣟࢆ୰ᚰ࡟ṇᘻἼⓗ࡟ኚືࡍࡿ㸪⌮᝿ⓗ࡞᣺ືὶࡢ




Sudo et al. [96] ࡣ᭤ࡾ⟶ෆࡢ᣺ືᒙὶሙ㸦Dean 㸸ᩘൌͶͲ̱ͷͲͲ㸪Womersley 㸸ᩘȽൌͷǤͷ̱ʹͺ㸧
࡟ᑐࡍࡿᐇ㦂࡜ᩘ್ゎᯒࢆ⾜࠸㸪ᅗ 1.23 ࡢࡼ࠺࡟஧ḟὶࢀᙧែࢆ 5 ✀㢮㸦Dean㸪deformed 





ᅗ 1.21 ᣺ືᒙὶሙࡢ୺ὶ㏿ᗘศᕸ[92]㸬㸦ᕥ㸧ȽൌͳǤʹͷ㸪㸦ྑ㸧Ƚൌ͵ͻǤ͸͵ 

➨  ❶ ᗎㄽ










ᅗ 1.22 Lyneࡀ♧ࡋࡓ஧ḟὶࢀᵓ㐀[94] 
ᅗ 1.23 Sudo et al.࡟ࡼࡿ஧ḟὶࢀࡢศ㢮[96]㸬ㄽᩥ୰ࡢ⾲⌧ࢆ⏝࠸ࡿ࡜㸪㸦a㸧Dean 
circulation㸪㸦b㸧deformed Dean circulation㸪㸦c㸧intermediate circulation between 
Dean and Lyne circulations㸪㸦d㸧deformed Lyne circulation㸪㸦e㸧Lyne circulation 

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  




















[100-102] ࡟ࡼࡿ◊✲࡛ࡣ㸪෇ᙧ᩿㠃ࡢሙྜ࡜ྠᵝ࡟㧗Womersley 㸦ᩘȽذͳʹ㸧࡟࠾࠸࡚ Lyne
 ࡢⓎ⏕ࡀ☜ㄆࡉࢀ࡚࠸ࡿ㸬⾑⾜ຊᏛⓗ⯆࿡࠿ࡽ᭤ࡾ⟶ෆ⬦ືὶࡢ஧ḟὶࢀᙧែࢆㄪᰝࡋ
ࡓ◊✲ࡣ㸪Lyne [94] ࡟ࡼࡿ⌮ㄽゎᯒⓗ◊✲ࡀ 1970ᖺ࡟Ⓨ⾲ࡉࢀ࡚௨㝆㸪⌧ᅾࡲ࡛࡜ࡵ࡝࡞
ࡃ⾜ࢃࢀ࡚ࡁࡓ㸬2000 ᖺ௦࡟ධࡗ࡚࠿ࡽࡣࡼࡾᛂ⏝ⓗ࡞◊✲ࡀቑ࠼㸪౛࠼ࡤ㸪180°᭤ࡾ⟶ 
[103-105] ࡸ SᏐᙧ≧᭤ࡾ⟶ [106, 107] ࢆ⾑⟶ࣔࢹࣝ࡜ࡋ࡚⏝࠸ࡓ◊✲ࡸ㸪ࢫࢸࣥࢺ㸦⾑⟶
ࢆᗈࡆࡿ་⒪ᶵჾ㸧ࡢᙳ㡪ࢆㄪᰝࡋࡓ◊✲ [108, 109]㸪ᐇ㝿ࡢ⾑⟶ࢆᶍᨃࡋ࡚ᙎᛶ⟶㊰ࢆ⏝
࠸ࡓ◊✲ [110, 111] ࡀ࠶ࡿ㸬ࡲࡓ㸪⾑ᾮࡢ㠀ࢽ࣮ࣗࢺࣥὶయᛶࢆ⪃៖ࡋࡓᩘ್ゎᯒⓗ◊✲ࡶ
⾜ࢃࢀ࡚࠸ࡿ [112]㸬ࡇࢀࡽࡢᐇ⏝ⓗ◊✲࡛♧ࡉࢀࡿ஧ḟὶࢀࡣ㸪ゎᯒⓗ࡟ᚓࡽࢀࡿ Dean 
㸦ᅗ 1.4㸧ࡸ Lyne 㸦ᅗ 1.22㸧ࡼࡾࡶ」㞧࡛࠶ࡾ㸪van Wyk et al. [112] ࡣㄽᩥ୰࡛ᅗ 1.25࡟
♧ࡍࡼ࠺࡞」ྜⓗᙧែ࡜ࡋ࡚஧ḟὶࢀࢆ≉ᚩ࡙ࡅࡓ㸬 
 




➨  ❶ ᗎㄽ









ᖺ௦௨㝆㸪᭤ࡾ⟶ෆ⬦ືὶࢆᢅ࠺㠀ᖖ࡟ከࡃࡢᩥ⊩࡛ゝཬࡉࢀ࡚࠸ࡿ㸦౛࠼ࡤ㸪ᩥ ⊩ [90, 99, 
113-115]㸧㸬౛࡜ࡋ࡚ Timité et al. [90] ࡢ⤖ᯝࢆ⤂௓ࡍࡿ㸬ᅗ 1.26 ࡣ㸪ᖹᆒ㏿ᗘ࡟ᇶ࡙ࡃ








ᅗ 1.25 van Wyk et al. ࡀㄽᩥ࡛♧ࡋࡓ஧ḟὶࢀᙧែ [112] 㸬ࢩ࢔ࣥࡣ Dean-
type㸪㯤Ⰽࡣ Lyne-type㸪㉥ࡣ wall-type㸪⥳ࡣ innerwall-typeࢆ⾲ࡍ 
ᅗ 1.26 90°᭤ࡾฟཱྀ࡛ࡢ୺ὶ㏿ᗘศᕸ [90]㸬㸦ᕥ㸧y᪉ྥ㸪㸦ྑ㸧x᪉ྥ㸬x࡜ y㸪ཬࡧ
᭤ࡾෆእࡢᐃ⩏ࡣྑୖࡢᅗࢆཧ↷ 

➨  ❶ ᗎㄽ
 ᭱㏆  ᖺ㛫࡟࠾ࡅࡿ⟶ෆὶࢀ࡟㛵ࡍࡿ◊✲
  














Kalpakli et al. [38, 117, 118] ࡣ㸪90°᭤ࡾ⟶ୗὶࡢ⬦ື஘ὶሙࢆࢫࢸࣞ࢜ PIVࡸ⇕⥺ὶ㏿ィ
࡟ࡼࡗ࡚ ᐃࡋࡓ㸬ࡇࡇ࡛ࡣᩥ⊩ [38] ࡢ Deanᩘ㸸ൌͳͷǡͲͲͲ㸪ᩘ㸸ȽൌͶͳ࡟





Dean ࡀ⌧ࢀࡿࡇ࡜ࡀ᫂ࡽ࠿࡟࡞ࡗࡓ㸬ࡲࡓ㸪Kalpakli et al.ࡣᩥ⊩ [118] ࡟࡚㸪⬦ື஘ὶሙ
࡛ࡣ⫼ᬒ஘ὶ࡟኱ࢫࢣ࣮ࣝࡢ⬦ືࢆ㔜ࡡྜࢃࡏࡓࡔࡅ࡛࠶ࡿ࡜࠸࠺ぢゎࢆ♧၀ࡋࡓ㸬 

 ᅗ 1.27 90°᭤ࡾୗὶࡢ࠾ࡅࡿ⬦ື஘ὶሙࡢ㏿ᗘሙ [38]㸬୰ኸࡢࢢࣛࣇࡣ୺ὶ㏿ᗘࡢ᫬㛫
ኚ໬ࢆ⾲ࡍ㸬㏿ᗘሙࡣ࢚ࢿࣝࢠ࣮ࡢ኱ࡁ࠸ 4ࡘࡢ POD࣮ࣔࢻࢆ෌ᵓᡂࡋࡓ⤖ᯝ 






























࠸࡚㸪̱ ͻȀͶ࡜ぢ✚ࡶࡿࡇ࡜ࡀ࡛ࡁࡿ㸬Choi & Monin [120] ࡣࡇࢀ࡟ᑐࡋ࡚ಟṇࢆຍ࠼㸪
ᖹᯈୖࡢ஘ὶゎᯒ࡟ᚲせ࡞᱁ᏊⅬᩘࢆ DNS࡛ࡣ ̱ ͵ ͹ȀͳͶ㸪ቨ㠃ቃ⏺ᒙࡲ࡛ゎീࡋࡓ LES
࡛ࡣ ̱ͳ͵Ȁ͹࡜ぢ✚ࡶࡗࡓ㸬ࡇࢀࡽࢆ⏝࠸࡚㸪ᩘ࡜᱁ᏊⅬᩘࡢ㛵ಀࢆ⾲ࡍ࡜ᅗ
ͳǤʹͺࡢࡼ࠺࡟࡞ࡿ㸬ᮏ✏࡛ᢅ࠺࢚ࣥࢪࣥ྾᤼Ẽࢆᶍᨃࡋࡓ⟶ෆὶࡢ Reynoldsᩘࡀ࠾ࡼࡑ ͳͲͶ
࣮࢜ࢲ࣮࡛࠶ࡿ࡜ࡍࡿ࡜㸪ͳͲͲ൨Ⅼ⛬ᗘ࡛ ̱ ͳ͵Ȁ͹ࢆ‶ࡓࡋ㸪1඙Ⅼ⛬ᗘ࠶ࢀࡤ Choi & 
Monin [120] ࡀᥦ᱌ࡍࡿ᱁ᏊⅬᩘࡶ‶ࡓࡍ㸬ᐇ㝿ࡢィ⟬ࡣࡇࡢぢ✚ࡶࡾࡼࡾࡶᑡ࡞࠸᱁ᏊⅬ
ᩘ࡛⾜ࢃࢀ㸪ࢃࡀᅜ࡟࠾ࡅࡿிࢥࣥࣆ࣮ࣗࢱࡢ⏘ᴗ฼⏝ㄢ㢟࡜ࡋ࡚㸪ࣂࣝࢡ㏿ᗘ࡟ᇶ࡙ࡃ









































ࡉࢀ࡚࠸ࡿ [122, 123]㸬ࡇࡢィ⟬࡟ࡣ㸪⌮ㄽᛶ⬟࡛ 3 PFlops┦ᙜ㸦ᐇ㝿ࡣ 70.46 TFlops㸧ࡢ
ィ⟬㈨※ࡀ⏝࠸ࡽࢀࡓ㸬ࡇࡇ࡛㸪TOP500ࣜࢫࢺ [124] ࡟ᇶ࡙ࡃ㸪ୡ⏺࡟࠾ࡅࡿࢫ࣮ࣃ࣮ࢥ
ࣥࣆ࣮ࣗࢱࡢ₇⟬⬟ຊࡢ㐍໬ࢆ⾲ࡍࢢࣛࣇࢆᅗ 1.29 ࡟♧ࡍ㸬ྛᖺ࡟࠾ࡅࡿ➨ 1 ఩࡟ὀ┠ࡍ
ᅗ 1.28 Reynoldsᩘ࡜ DNS㸪LES࡛ᚲせ࡜ࡉࢀࡿィ⟬᱁ᏊⅬᩘࡢ㛵ಀ㸬
㉥⥺࣭㟷⥺ࡣ Choi & Monin [120] ࡟ࡼࡿヨ⟬ 
ᅗ 1.29 TOP500ࣜࢫࢺ࡟ᇶ࡙ࡃࢫ࣮ࣃ࣮ࢥࣥࣆ࣮ࣗࢱࡢ₇⟬⬟ຊࡢ㐍໬ [124]㸬
ە㸸1~500఩ࡢྜィ㸪ڸ㸸1఩㸪ڦ㸸500఩ 
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ᅗ 2.2 ᐇ㦂⿦⨨㸦PIVࢩࢫࢸ࣒ࢆ㝖ࡃ㸧ࡢᴫ␎ᅗ [125] 







Displacement 2,000 cc 
Cylinder bore 83.5 mm 
Stroke length 91.2 mm 
Compression ratio 12 
Exhaust manifold 4-1 close-coupled catalyst 


 ィ ᑐ㇟࡜ࡋࡓ SᏐᙧ≧⟶㊰ࡢᙧ≧ࢆᅗ 2.3࡟♧ࡍ㸬᭤ࡾࡣ஧ࡘ࠶ࡾ㸪ࡇࢀ௨㝆㸪ୖὶഃ
ࢆ➨ 1᭤ࡾ㸪ୗὶഃࢆ➨ 2᭤ࡾ࡜࿧⛠ࡍࡿ㸬➨ 1᭤ࡾୖὶഃ㸪ཬࡧ➨ 2᭤ࡾୗὶഃ࡟ࡣ 150 
mmࡢ┤⟶ࢆࡑࢀࡒࢀタ⨨ࡋ㸪஧ࡘࡢ᭤ࡾࡣ 200 mmࡢ┤⟶࡛᥋⥆ࡉࢀࡿ㸬ྛ᭤ࡾࡢ᭤⋡༙






























ࢆ᭷ࡍࡿ㸬ࡇࡢࡼ࠺࡞ PIVࡣ୍⯡࡟㸪ⱥㄒࡢᩥ⊩࡛ࡣ time-resolved PIV㸪high-speed PIV㸪ࡶ
ࡋࡃࡣ dynamic PIV࡜࿧ࡤࢀࡿ㸬ࡲࡓ㸪᪥ᮏㄒ࡛ࡣ᫬⣔ิ PIV࡜࿧ࡤࢀࡿࡇ࡜ࡀከ࠸ࡼ࠺࡛
࠶ࡿ㸬







ィ ࡣ㸪⟶㊰᩿㠃࡟ᑐࡋ࡚୰ኸࡢ఩⨨࡟࡚㸪➨ 1 ᭤ࡾ࡜➨ 2 ᭤ࡾ࡟ᑐࡋ࡚ࡑࢀࡒࢀᐇ᪋
ࡋࡓ㸦ᅗ 2.3㸧㸬ᅗ 2.4࡟♧ࡍࡼ࠺࡟㸪ィ ᩿㠃࡟ᑐࡋ࡚ࢩ࣮ࢺගࢆ↷ᑕࡋ㸪ࡑࡢ㠃࡜ࣞࣥࢬ
ࡢග㍈ࡀ┤஺ࡍࡿࡼ࠺࡟࣓࢝ࣛࢆ㓄⨨ࡋ㸪⢏Ꮚീࢆ᧜ᙳࡋࡓ㸬ග※࡜ࡋ࡚⏝࠸ࡓࢲࣈࣝࣃࣝ
ࢫ Nd:YAG࣮ࣞࢨ㸦Continuum㸪Mesa PIV㸧ࡣ㸪⧞ࡾ㏉ࡋ࿘Ἴᩘ 10 kHz᫬࡟ 1ࣃࣝࢫ࠶ࡓࡾ
᭱኱ 6 mJࡢฟຊᛶ⬟ࢆ᭷ࡋ㸪Ἴ㛗ࡣ 532 nm࡛࠶ࡿ㸬ࡲࡓ㸪࣮ࣞࢨ࠿ࡽⓎ᣺ࡉࢀࡿⅬග※ࡣ
ࢩࣜࣥࢻࣜ࢝ࣝࣞࣥࢬࢆ㏻ࡋ࡚ཌࡳ 1 mmࡢࢩ࣮ࢺග࡟ኚ᥮ࡉࢀࡿ㸬⢏Ꮚീ᧜ᙳ࡟⏝࠸ࡓ㧗
㏿ᗘ࣓࢝ࣛ㸦Photron㸪FASTCAM SA-Z㸧ࡣ㸪20,000 fps᫬࡟ࣇࣝゎീᗘ 1,024 × 1,024 pixel࡛





Exhaust flow from engine
 
 ᅗ 2.4 ィ 㡿ᇦࢆྵࡴὶ㊰⣔࡜᫬⣔ิ PIVࢩࢫࢸ࣒ [126] 




















 PIV ࡢ࣋ࢡࢺࣝ₇⟬࡟ࡣࣇ࣮ࣟࢸࢵࢡ࣭ࣜࢧ࣮ࢳࡢࢯࣇࢺ࢙࢘࢔ FtrPIV ࢆ౑⏝ࡋࡓ㸬࣋
ࢡࢺࣝ₇⟬ࡢࡓࡵࡢ᱁ᏊⅬࡣ⏬ീ୰࡟ 10 pixel➼㛫㝸࡛㓄⨨ࡋࡓ㸬࣌࢔㛫࡟࠾ࡅࡿ⢏Ꮚീࡢ
ኚ఩ࡣ┤᥋┦஫┦㛵ἲ࡟ࡼࡗ࡚ィ⟬ࡉࢀࡓ㸬┦㛵ィ⟬࡛ࡢ᳨ᰝ❆ࢧ࢖ࢬࡣ 21 × 21 pixel ࡜
ࡋ㸪᥈⣴⠊ᅖࡣィ⟬᱁ᏊⅬࢆ୰ᚰ࡜ࡋ࡚ 41 × 41 pixel࡜ࡋࡓ㸬⏬⣲࠶ࡓࡾࡢᐇᑍࡣ㸪ィ ᩿
㠃఩⨨࡟⨨࠸ࡓࢫࢣ࣮ࣝࡢ⏬ീ㸦ィ ࡜ࡣู࡟᧜ᙳ㸧࠿ࡽ⟬ฟࡋࡓ㸬ࡲࡓ㸪ࣃࣝࢫ㛫᫬㛫㛫
㝸ࡣ 25.1 μs࡜ࡋࡓ㸬PIVࡢྛ✀ࣃ࣓࣮ࣛࢱࢆ⾲ 2.2࡟♧ࡍ㸬 
 










 ᅗ 2.5 ᫬⣔ิ PIVࢩࢫࢸ࣒ࡢಙྕ⣔








Grid size 10 pixel 
Interrogation window size 21 × 21 pixel 
Search window size 41 × 41 pixel 
Magnification factor 0.134 mm/pixel 

































࡞ࡿ㸬ࣂࣝࢡ㏿ᗘࡢ᫬㛫ᖹᆒ್ Wb࡜⟶㊰ࡢỈຊ┤ᚄ D࡟ᇶ࡙ࡃ Reynoldsᩘ㸸 









ܴ݁ ൌ ௕ܹܦߥ ǡ (2.1) 
ࢆィ⟬ࡍࡿ࡜㸪ൌͶͺǡͲͲͲ࡜࡞ࡿ㸬ࡇࡇ࡛㸪νࡣື⢓ᛶಀᩘ࡛࠶ࡿ㸬ࡲࡓ㸪1Ẽ⟄ศࡢ⬦ື
ࢆ 1࿘ᮇ࡜⪃࠼ࡓ᫬ࡢ㸪⬦ືࡢ↓ḟඖ࿘Ἴᩘࢆ⾲ࡍWomersleyᩘ㸸 
ߙ ൌ ܦʹ ට
߱













 ᅗ 2.7ཬࡧᅗ 2.8ࡣ㸪ࡑࢀࡒࢀ➨ 1᭤ࡾ㸪➨ 2᭤ࡾ࡟࠾࠸࡚᫬⣔ิ PIV࡟ࡼࡗ࡚ィ ࡉࢀ
ࡓ▐᫬㏿ᗘࡢ኱ࡁࡉࢆ࣮࢝ࣛࢥࣥࢱ࣮࡛⾲ࡋ࡚࠸ࡿ㸬ྛᅗ࡛ࡣ㸪୺ὶࡢຍ㏿᫬࣭᭱኱᫬࣭ῶ
㏿᫬࣭᭱ᑠ᫬ࡢ 4᫬้࡟ࡘ࠸࡚♧ࡋ࡚࠸ࡿ㸦࣮࢝ࣛࢥࣥࢱ࣮ࡢࣞࣥࢪࡣ᫬้ࡈ࡜࡟ኚ࠼࡚࠸
ࡿ㸧㸬➨ 1࣭➨ 2 ᭤ࡾ࡜ࡶ࡟㸪୺ὶࡢຍ㏿᫬࣭᭱኱᫬࣭ῶ㏿᫬࡛ࡣ᭤ࡾࡢෆቨഃ࡟࡚㧗㏿ᇦ
ࡀほᐹࡉࢀࡿ㸬ࡇࢀ࡟ఝࡓ⌧㇟ࡣ㸪ᒙὶ࣭ ஘ὶၥࢃࡎከࡃࡢ㛵㐃◊✲࡛ሗ࿌ࡉࢀ࡚࠸ࡿ㸬Sudo 












ࡾ࡟࠾ࡅࡿ஧ḟὶࢀᵓ㐀ࡢ㐪࠸࡟ࡼࡿࡶࡢ࡛࠶ࡿ㸬ヲ⣽ࡣ➨ 3 ❶࡛㏙࡭ࡿࡀ㸪➨ 1 ᭤ࡾ࡛
ࡣ Deanᆺࡢ ࡀⓎ⏕ࡍࡿࡀ㸪➨ 2᭤ࡾ࡛ࡣ Deanᆺ࡜㏫ᅇ㌿ࡢ Lyneᆺࡢ ࡀⓎ⏕ࡍࡿ㸬 










































































































































































































































































































































Loèveᒎ㛤➼㸪ᛂ⏝ศ㔝࡟ࡼࡗ࡚࿧ࡧྡࡣ␗࡞ࡿࡼ࠺࡛࠶ࡿ㸬PODࡣ㸪Lumley [62, 63] ࡟ࡼ
ࡗ࡚ึࡵ࡚஘ὶゎᯒ࡟㐺⏝ࡉࢀ㸪୍ ゝ࡛࠸࠼ࡤ㸪᫬⣔ิࢹ࣮ࢱࢆ᭱ࡶຠ⋡Ⰻࡃ⾲ࡍᇶᗏࢆồ
ࡵࡿᡭἲ࡛࠶ࡿ㸬 
 ࡇࡇ࡛㸪఩⨨ X㸪᫬้ tࡢ㏿ᗘࢹ࣮ࢱ u(X, t)ࢆ⪃࠼ࡿ㸬PODࡣồࡵࡓ࠸Ỵᐃⓗ㛵ᩘ߶(X)࡜
ඖࡢࢹ࣮ࢱ u(X, t)ࡢෆ✚ࡢᖹᆒ್ࢆ᭱኱໬ࡍࡿၥ㢟࡛࠶ࡿ㸬ࡘࡲࡾ㸪 
ۃȁሺݑ ή ߶ሻȁଶۄǡ (2.3) 









ԡ߶ԡଶ ൌ ͳǡ (2.4) 
࡜࠸࠺ไ⣙᮲௳ࢆຍ࠼ࡿ࡜㸪ᘧ (2.3) ࡣࣛࢢࣛࣥࢪࣗࡢᮍᐃ஌ᩘἲࢆ⏝࠸࡚ゎࡃࡇ࡜ࡀ࡛ࡁ
ࡿ㸬ࡓࡔࡋ㸪ԡήԡࡣ L2ࣀ࣒ࣝࢆ⾲ࡍ㸬ࣛࢢࣛࣥࢪࣗ஌ᩘࢆ ɉ㸪ࣛࢢࣛࣥࢪࣗ㛵ᩘࢆ ࡜ࡍࡿ
࡜㸪 
ܬሺ߶ሻ ൌ ۃȁሺݑ ή ߶ሻȁଶۄ െ ߣሼԡ߶ԡଶ െ ͳሽǡ (2.5) 
࡜࡞ࡿ㸬ᘧ (2.5) ࡣḟ࡟♧ࡍᅛ᭷್ၥ㢟࡟ᖐ╔ࡍࡿ [127]㸬 
නܥሺܺǡ ܺᇱሻ߶ሺܺᇱሻ݀ܺᇱ ൌ ߣ߶ሺܺሻǤ (2.6) 
ࡇࡇ࡛㸪ܥሺܺǡ ܺᇱሻࡣ㏿ᗘࡢ 2Ⅼ┦㛵㛵ᩘ࡛࠶ࡾ㸪 
ܥሺܺǡ ܺᇱሻ ൌ ۃݑሺܺǡ ݐሻݑሺܺᇱǡ ݐሻۄǡ (2.7) 
࡛ᐃ⩏ࡉࢀࡿ㸬 
ᐇ㝿ࡢ PODゎᯒ࡛ࡣ㞳ᩓࢹ࣮ࢱ࡟ᑐࡋ࡚ᐇ⾜ࡍࡿࡢ࡛㸪ᘧ (2.6) ࡣ⾜ิᙧᘧ࡛⾲ࡍࡇ࡜
࡟࡞ࡿ㸬᫬้ݐ ൌ ݐଵ, ݐଶ, …, ݐே࡟࠾ࡅࡿ㏿ᗘࢹ࣮ࢱ࡛ᵓᡂࡉࢀࡿิ࣋ࢡࢺ࢛ࣝሺݐଵሻ, ࢛ሺݐଵሻ, …, 
࢛ሺݐேሻ א Թெ㸦M ࡣ✵㛫ࡢḟඖᩘ㸸ኚᩘࡢᩘ ൈ ᱁ᏊⅬᩘ㸪N ࡣ᫬⣔ิࢹ࣮ࢱࡢࢧࣥࣉࣝᩘ㸧
ࢆḟࡢࡼ࠺࡟୍ࡘࡢ⾜ิ࡛⾲ࡍ㸬 
ࢁ ൌ ሾ࢛ሺݐଵሻ࢛ሺݐଶሻڮ ࢛ሺݐேሻሿ א ԹெൈேǤ (2.8) 
ᘧ (2.6) ࡣ㏿ᗘ┦㛵⾜ิࢁࢁ் א Թெൈெࡢᅛ᭷್ၥ㢟㸸 
ࢁࢁ்࡭ ൌ ߣ࡭ǡ (2.9) 
࡟࡞ࡿࡀ㸪M > Nࡢሙྜࡣᘧ (2.9) ࡢ௦ࢃࡾ࡟㸪 














⏝࠸ࡿࡇ࡜ࡀከ࠸ࡀ㸪ᮏ❶࡛ᢅ࠺ PODゎᯒ࡛ࡣ Carlsson et al. [60] ࡜ྠᵝ࡟㸪ᖹᆒᡂศࡶྵ
ࡲࢀࡿ㏿ᗘࢹ࣮ࢱࢆ౑⏝ࡋࡓ㸬ࡑࡢࡓࡵ㸪᭱኱ᅛ᭷್࡟ᑐᛂࡍࡿ POD࣮ࣔࢻ㸦ᮏ❶࡛ࡣࣔ
࣮ࢻ Ͳ࡜࿧ࡪ㸧ࡣ᭱ࡶ࢚ࢿࣝࢠ࣮ࡢ㧗࠸ᖹᆒⓗ࡞ὶࢀᵓ㐀ࢆ⾲ࡍ㸬











᭱ึ࡟㸪PODゎᯒ࡟࠾ࡅࡿᅛ᭷್ࡢ཰᮰ᛶ [128] ࢆホ౯ࡍࡿ㸬PODゎᯒࡣ➨ 1࣭➨ 2᭤














ࢆࡑࢀࡒࢀィ⟬ࡍࡿ࡜㸪ൌʹ ͲͲ, ͺ ͲͲ㛫࡛ࡣ 42.7 %࡛࠶ࡿࡢ࡟ᑐࡋ㸪ൌͺ ͲͲ, ͳǡ͸ͲͲ㛫࡛ࡣ













  N = 200
  N = 800














2.0 %࡜࡞ࡗࡓ㸬ൌͺ ͲͲࡢẁ㝵࡛༑ศ཰᮰ࡋ࡚࠸ࡿࡼ࠺࡛࠶ࡿࡀ㸦➨ ʹ᭤ࡾࡶྠᵝ㸧㸪ᮏ㡯
࡛ࡣ ൌͳǡ͸ͲͲࡢ⤖ᯝࢆ♧ࡍ㸬࡞࠾㸪ᘧ (2.10) ࡟ᇶ࡙ࡃᅛ᭷್ၥ㢟ࡢ⾜ิせ⣲ᩘࡣ㸪ൈ
ൌͳǡ͸ͲͲൈͳǡ͸ͲͲ࡛࠶ࡿ㸬
 ᅗ 2.13ཬࡧᅗ 2.14࡟㸪ࡑࢀࡒࢀ➨ 1࣭➨ 2᭤ࡾࡢ POD࣮ࣔࢻ 0࡜࣮ࣔࢻ 1ࢆ♧ࡍ㸬ྛࣔ
࣮ࢻࡢὶࢀᵓ㐀ࢆ࣋ࢡࢺ࡛ࣝ⾲ࡋ㸪ྑഃ࡟ࡣ࣮ࣔࢻ࡟ᑐᛂࡍࡿ PODಀᩘࡢ᫬㛫ኚ໬ࢆ♧ࡋ
࡚࠸ࡿ㸬࡞࠾㸪ࢢࣛࣇࡣ 1࿘ᮇศࢆ⾲♧ࡋ࡚࠾ࡾ㸪➨ 1᭤ࡾୖὶࡢࣂࣝࢡ㏿ᗘ㸦ᅗ 2.6࡜ඹ
㏻㸧ࡶྠ᫬࡟♧ࡉࢀ࡚࠸ࡿ㸬࣮ࣔࢻ 0ࡣ㸪᫬⣔ิࢹ࣮ࢱࡢ୰࡛᭱ࡶ࢚ࢿࣝࢠ࣮ࡢ㧗࠸ᵓ㐀ࢆ
⾲ࡋ㸪➨ 1࣭➨ 2᭤ࡾ࡜ࡶ࡟඲࡚ࡢ࣋ࢡࢺࣝࡣ⟶㍈᪉ྥࢆྥ࠸࡚࠸ࡿࡇ࡜ࡀศ࠿ࡿ㸬࣮ࣔࢻ
0 ࡢ POD ಀᩘࢆぢࡿ࡜㸪ࡑࡢἼᙧࡣࣂࣝࢡ㏿ᗘࡢ᫬㛫ኚ໬࡜࡯ࡰ୍⮴ࡍࡿ㸬ࡘࡲࡾ㸪⟶㍈
᪉ྥࡢὶࢀࡀ⬦ື࡟ᚑࡗ࡚ኚືࡍࡿ㸪࡜࠸࠺࠶ࡿព࿡ᙜ↛ࡢ⤖ᯝࢆ࣮ࣔࢻ 0 ࡜ࡋ࡚ᢳฟࡋ
ࡓ࡜࠸࠺ࡇ࡜࡟࡞ࡿ㸬 
୍᪉㸪࣮ࣔࢻ 1 ࡣ᭤ࡾෆቨഃࡢᒁᡤⓗ㏫ὶ⌧㇟ࢆᤊ࠼࡚࠸ࡿ㸬➨ 2 ᭤ࡾ࡛ࡣ඲యⓗ࡟㏫
ὶ㡿ᇦࡀᗈࡃ㸪➨ 2 ᭤ࡾୖὶࡢእቨഃ࡟ࡶ㏫ὶࡀᏑᅾࡍࡿ㸬ࡇࢀࡣ➨ 1 ᭤ࡾෆቨഃࡢ㏫ὶ






























































Mode 0 (97.6 %)






















































Mode 0 (97.7 %)





ᅗ 2.13 ➨ 1᭤ࡾ࡟࠾ࡅࡿ POD࣮ࣔࢻ 0㸦ୖ㸧࡜࣮ࣔࢻ 1㸦ୗ㸧ࡀ⾲ࡍὶࢀᵓ㐀࡜ PODಀ
ᩘ [126]㸬ྛ࣮ࣔࢻ࡟ࡣ࢚ࢿࣝࢠ࣮ศ⋡㸦ᅛ᭷್㸧ࡶ♧ࡉࢀ࡚࠸ࡿ㸬PODಀᩘࡢࢢ
ࣛࣇ࡟ࡣࣂࣝࢡ㏿ᗘࡶ⾲♧ࡋ࡚࠸ࡿ










᭱ᚋ࡟㸪ᘧ (2.13) ࡟ᇶ࡙ࡃὶࢀࡢ෌ᵓᡂࢆ♧ࡍ㸬ᅗ 2.15ཬࡧᅗ 2.16ࡣࡑࢀࡒࢀ➨ 1࣭➨
2᭤ࡾ࡟࠾࠸࡚㸪࣮ࣔࢻ 0࡜࣮ࣔࢻ 1ࢆ⏝࠸࡚▐᫬㏿ᗘሙ㸦୺ὶࡢ᭱኱᫬࣭᭱ᑠ᫬㸧ࢆ෌ᵓ
ᡂࡋࡓ⤖ᯝ࡛࠶ࡿ㸬෌ᵓᡂᚋࡢᅛ᭷್࡟ᇶ࡙ࡃ࢚ࢿࣝࢠ࣮ࡣ㸪➨ 1᭤ࡾ࡛ࡣ඲యࡢ 98.6 %㸪
➨ 2 ᭤ࡾ࡛ࡣ 98.3 %࡛࠶ࡿ㸬᭱኱᫬ࡢ⤖ᯝࡣᙜ↛⟶㍈᪉ྥࢆྥ࠸ࡓ༢⣧࡞ὶࢀᵓ㐀ࢆ♧ࡋ
࡚࠸ࡿ㸬᭱ᑠ᫬࡛ࡣ㸪ෆቨഃ࡛ࡢ㏫ὶࢆྵࡴὶࢀᵓ㐀ࢆ♧ࡋ࡚࠸ࡿࡀ㸪▐᫬㏿ᗘሙ㸦ᅗ 2.9
































































































➨  ❶ ᭤ࡾ࡟ࡼࡿ୺ὶࡢ೫ὶ࡜ᒁᡤⓗ㏫ὶ












































᮲௳ୗ࡛᭤ࡾ⟶ෆࡢὶື⌧㇟ࢆㄪᰝࡋࡓ◊✲ࡀሗ࿌ࡉࢀ࡚࠸ࡿ [38, 117, 118]㸬ࡇࢀࡲ࡛ศ
࠿ࡗ࡚࠸ࡿࡇ࡜࡜ࡋ࡚㸪༢⣧࡞ 90°᭤ࡾࢆ㏻㐣ࡍࡿ஘ὶ࡛ࡣ⬦ືࢆ᭷ࡍࡿ᮲௳ୗ㸦Deanᩘ㸸
ൌͳͷǡͲͲͲ㸪ᩘ㸸ȽൌͶͳ, ͹ͳ㸧࡟࠾࠸࡚ Lyne ࡛ࡣ࡞ࡃ Dean ࡀⓎ⏕ࡋ㸪≉࡟
୺ὶῶ㏿㐣⛬࡛᫂☜࡞ Dean ᵓ㐀ࡀ⌧ࢀࡿࡇ࡜ [38] ➼ࡀ࠶ࡿ㸬 
➨ 2 ❶࡛ࡣ㸪୺ὶ㧗㏿ᇦࡢᣲືࡀୖὶഃࡢ➨ 1 ᭤ࡾ㸪ཬࡧୗὶഃࡢ➨ 2 ᭤ࡾᚋ࡛ࡑࢀࡒ
ࢀ␗࡞ࡿࡇ࡜ࢆ♧ࡋ㸪஧ḟὶࢀᵓ㐀ࡢ㐪࠸ࡀ♧၀ࡉࢀࡓ㸬ᮏ❶࡛ࡣ㸪➨ 2 ❶࡜ྠᵝࡢ᮲௳
㸦Reynoldsᩘ㸸ൌͶͺǡͲͲͲ㸪Womersleyᩘ㸸Ƚൌ͹ͲǤͻ㸧࡟ࡘ࠸࡚㸪᭤ࡾ㏻㐣ᚋࡢ఩┦ᖹᆒⓗ
࡞஧ḟὶࢀᵓ㐀ࢆ఩┦ྠᮇᆺࡢࢫࢸࣞ࢜ PIV ィ ࡟ࡼࡗ࡚ㄪᰝࡍࡿ㸬ࡉࡽ࡟㸪RANS ࡟ࡼ





⨨௨እࡣ➨ 2 ❶ࡢࡶࡢ࡜ඹ㏻࡛࠶ࡿ㸬⬦ື஘ὶࡢⓎ⏕※ࡣᐇᶵࡢ 4 Ẽ⟄࢞ࢯ࢚ࣜࣥࣥࢪࣥ
㸦ㅖඖ㸸⾲ 2.1㸧࡛࠶ࡾ㸪ィ 㡿ᇦࡣ஧ࡘࡢ᭤ࡾ㸦➨ 1᭤ࡾ㸪➨ 2᭤ࡾ㸧ࢆ᭷ࡍࡿ SᏐᙧ≧
᭤ࡾ⟶㊰㸦ᅗ 2.3㸧࡛࠶ࡿ㸬ࡲࡓ㸪⿦⨨඲యࡢᵓᡂࡣᅗ 2.2 ࡟♧ࡍ㏻ࡾ࡛࠶ࡿ㸬ィ ᫬ࡢ࢚
ࣥࢪࣥ㐠㌿᮲௳ࡶ➨ 2❶࡜ྠᵝ࡛࠶ࡾ㸪ᅇ㌿ᩘࡣ ͳǡͷͲͲ㸪ࢫࣟࢵࢺࣝ㛤ᗘࡣ඲㛤࡜ࡋࡓ㸬
⧞ࡾ㏉ࡋ࡟࡞ࡿࡀ㸪ὶࢀࡢ↓ḟඖࣃ࣓࣮ࣛࢱࡣ ൌͶͺǡͲͲͲ㸪Ƚൌ͹ͲǤͻ࡛࠶ࡿ㸬࡞࠾㸪ᘧ ሺͳǤ͵ሻ
࡟ᇶ࡙ࡃ Deanᩘࢆィ⟬ࡍࡿ࡜㸪ൌʹ ͹ǡʹͲͲ࡜࡞ࡾ㸪⬦ື஘ὶ୰ࡢ Dean ࢆᐇ㦂ⓗ࡟♧ࡋ
ࡓ Kalpakli [38] ࡢ◊✲㸦ൌͳͷǡͲͲͲ㸪ȽൌͶͳ, ͹ͳ㸧࡜㏆࠸᮲௳࡛࠶ࡿ㸬

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ග※࡜ࡋ࡚⏝࠸ࡓࢲࣈࣝࣃࣝࢫ Nd:YAG࣮ࣞࢨ㸦LOTIS TII㸪LS-2132 PIV㸧ࡣ㸪Ἴ㛗㸸ͷ͵ʹ
࡛ 1ࣃࣝࢫ࠶ࡓࡾ᭱኱ ͳͲͲࡢฟຊᛶ⬟ࢆ᭷ࡍࡿ㸬ࢩࣜࣥࢻࣜ࢝ࣝࣞࣥࢬࢆ⏝࠸࡚⏕
ᡂࡋࡓཌࡳ ʹࡢࢩ࣮ࢺගࢆ㸪ィ ఩⨨ࡢ᩿㠃࡟ᑐࡋ࡚↷ᑕࡋࡓ㸬⢏Ꮚീࡢ᧜ᙳ࡟ࡣ 2ྎ
ࡢ CCD࣓࢝ࣛ㸦JAI㸪AM-200 GE㸪ͳǡ͸ͲͲൈͳǡʹͲͲ㸧ࢆ⏝࠸ࡓ㸬ࢫࢸࣞ࢜ PIV࡛ࡣ㠃እ
᪉ྥࡢ⢏Ꮚ⛣ືࢆᤊ࠼ࡿᚲせࡀ࠶ࡾ㸪ࢩ࣮ࢺග㠃࡜࣓࣭࢝ࣛࣞࣥࢬࡢග㍈ࡣ┤஺ࡋ࡞࠸఩⨨
㛵ಀ࡟࠶ࡿ㸦ᅗ 3.2㸧㸬ࢩ࣮ࢺ㠃ෆ඲ᇦ࡛࣓࢝ࣛࡢࣇ࢛࣮࢝ࢫࢆྜࢃࡏࡿࡓࡵ㸪᧜ീ㠃㸪ࣞࣥ
ࢬ㠃㸪ཬࡧࢩ࣮ࢺග㠃ࡀ Scheimpflug ᮲௳ [129] ࢆ‶ࡓࡍࡼ࠺࡟㸪CCD ࣓࢝ࣛ࡟ᑐࡋ࡚ࢽ
ࢥࣥ〇 50 mmࣞࣥࢬࢆഴᩳ௜ࡁ࡛࣐࢘ࣥࢺࡋࡓ㸬 
ࢫࢸࣞ࢜ PIV ࡛᭱⤊ⓗ࡟㏿ᗘ 3 ᡂศࢆᚓࡿ࡟ࡣ㸪≀య✵㛫࡜ 2 ḟඖࡢ⏬ീᖹ㠃࡜ࡢ఩⨨
㛵ಀࢆ▱ࡿᚲせࡀ࠶ࡾ㸪ࡇࢀࡣ࣓࢝ࣛᰯṇ࡟ࡼࡗ࡚ᐇ⌧ࡉࢀࡿ㸬ᮏ PIV ィ ࡟࠾ࡅࡿ࣓࢝
ࣛᰯṇࡣ⢏Ꮚ⏬ീ᧜ᙳᚋ࡟㸪ᅗ 3.3 ࡟♧ࡍ᪤▱ࡢᇶ‽Ⅼࢆ᧜ᙳࡍࡿࡇ࡜࡟ࡼࡗ࡚⾜ࢃࢀࡓ㸬 
ᅗ 3.1 ᐇ㦂タഛࡢ෗┿
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Traversing device Calibration target
 
 
ᅗ 3.2 ィ 㡿ᇦࢆྵࡴὶ㊰⣔࡜ࢫࢸࣞ࢜ PIVࢩࢫࢸ࣒ [126] 
ᅗ 3.3 ᐇ㝿࡟࣓࡛࢝ࣛ᧜ᙳࡋࡓᇶ‽Ⅼ⏬ീ 
ᅗ 3.4 ᇶ‽Ⅼࡀࣉࣜࣥࢺࡉࢀࡓࣉ࣮ࣞࢺ㸦calibration target㸧࡜ࢺࣛࣂ࣮ࢫ⿦⨨ 
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ᅗ 3.5 ࢫࢸࣞ࢜ PIVࢩࢫࢸ࣒ࡢಙྕ⣔
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Interrogation window size ͵͵ൈ͵͵
Search window size dependent on cameras, positions, 
and measuring phases 
Magnification factor ͲǤͲ͵͵ͶȀ




















࠾㸪࢚ࣥࢪࣥ࡜ PIV ࢩࢫࢸ࣒ࡣⅬⅆಙྕ࡟ࡼࡗ࡚ྠᮇࡉࢀࡿࡢ࡛㸦ᅗ 3.5㸧㸪Ⅼⅆࢱ࢖࣑ࣥ
ࢢࡢタᐃ್ࢆኚ᭦ࡍࡿࡇ࡜࡛࢚ࣥࢪࣥࡢ఩┦࡟ᑐࡍࡿ࣮ࣞࢨ↷ᑕࢱ࢖࣑ࣥࢢ㸦࣓࢝ࣛࡢື
సࡶྠᵝ㸧ࢆኚ᭦ࡍࡿࡇ࡜ࡀ࡛ࡁࡿ㸬 
ᅗ 3.8 ࡟⇕⥺ὶ㏿ィ࡟ࡼࡗ࡚ィ ࡉࢀࡓ㏿ᗘ᫬㛫Ἴᙧࢆ♧ࡍ㸬ࢢࣛࣇࡣ⬦ືࡢ 1 ࿘ᮇศ
㸦࢚ࣥࢪࣥ 1 ࢧ࢖ࢡࣝࡢ 1/4㸧ࢆ⾲♧ࡋ࡚࠾ࡾ㸪ྛィ ࢱ࢖࣑ࣥࢢࡣ༳࡛♧ࡉࢀ࡚࠸ࡿ㸬
PIVィ ࡛ࡣ㸪ࢢࣛࣇ୰࡟♧ࡉࢀࡓࢱ࢖࣑ࣥࢢ࡟࠾࠸࡚㸪ࡑࢀࡒࢀ ͳǡͲͲͲ࣌࢔ࡢ⏬ീྲྀᚓࡀ












ᅗ 3.7 ⇕⥺ὶ㏿ィ࡟ࡼࡿ୺ὶ㏿ᗘࡢィ 㸬⇕⥺ࣉ࣮ࣟࣈࡣ➨ 1᭤ࡾධཱྀࡢ
⟶㊰᩿㠃୰ᚰ࡟ᤄධࡉࢀࡿ
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ߩҧ Ǥ (3.7) 
ᘧ (3.6) ࡢྑ㎶➨ 3㡯ࡣࣞ࢖ࣀࣝࢬᛂຊ࡛࠶ࡿ㸬 





߬௜௝ ൌ െߩҧݑపᇱݑఫᇱ෫ Ǥ (3.8) 
஘ὶࣔࢹࣝ࡜ࡋ࡚㸪RNG k-εࣔࢹࣝࢆ౑⏝ࡋࡓ㸬ᘧ (3.8) ࡢࣞ࢖ࣀࣝࢬᛂຊࡣḟᘧ࡛୚࠼ࡽ
ࢀࡿ㸬 













ߝ Ǥ (3.10) 
ܿఓࡣࣔࢹࣝᐃᩘ࡛㸪݇ࡣḟᘧ࡛ᐃ⩏ࡉࢀࡿ஘ὶ࢚ࢿࣝࢠ࣮㸪ߝࡣ஘ὶᩓ㐓⋡࡛࠶ࡿ㸬 

































݇ െ ߩܴǤ (3.13) 
ࡇࡇ࡛㸪ᘧ (3.13) ୰ࡢܴࡣɾ 
ܴ ൌ
ܥఓߟଷሺͳ െ ߟ ߟ଴Τ ሻ
ሺͳ ൅ ߚߟଷሻ
ߝଶ
݇ ǡ (3.14) 
࡛࠶ࡾ㸪ᘧ (3.14) ୰ࡢߟࡣ㸪 




















Model variable name value 
ܥఓ ͲǤͲͺͶͷ
ͳ ܲݎ௞Τ  ͳǤ͵ͻ





















⾲ 3.2  RNG k-εࡢࣔࢹࣝᐃᩘ
ᅗ 3.9 ➨ 1᭤ࡾ࡟࠾ࡅࡿィ⟬ࢭࣝ [125]㸬ࢭࣝࢧ࢖ࢬ㸸ͳ
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 ࢫࢸࣞ࢜ 3,9 ィ ⤖ᯝ
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࡛ᐃ⩏ࡉࢀࡿ㸬ࡇࡇ࡛㸪߶ࡣ 3 ᡂศࡢ㞳ᩓ㏿ᗘࢹ࣮ࢱ࡛࠶ࡾ㸪߶ேࡣ N ࢧ࢖ࢡࣝศࡢᖹᆒ್



































ᅗ 3.14 ➨ 2᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶ㸪୺ὶຍ㏿᫬ࡢࢫࢸࣞ࢜ PIV
ィ ⤖ᯝ࡟㛵ࡍࡿ఩┦ᖹᆒࡢ཰᮰ᛶ
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⏕ࡣ㸪Kalpakli et al. [38] ࡢᐇ㦂⤖ᯝ࡜୍⮴ࡋ࡚࠸ࡿ㸬ᙼࡽࡣ㸪୺ὶῶ㏿㐣⛬ࡢ Dean ᵓ㐀 






































































































































































































 ➨ 2 ᭤ࡾᚋࡢ఩┦ᖹᆒ㏿ᗘሙࢆᅗ 3.17 ࡟♧ࡍ㸬㠃ෆ㏿ᗘࡢᵝ┦ࡣ㸪඲఩┦࡟ࡘ࠸࡚➨ 1
᭤ࡾ࡜␗࡞ࡿࡼ࠺࡛࠶ࡿ㸬⟶㊰୰ኸ㸦xൌͲ㸧௜㏆࡛ࡣෆቨ᪉ྥࡢ஧ḟὶࢀࡀㄏ㉳ࡉࢀ㸪
ᕥྑࡢቨ㠃࡟㏆࡙ࡃ࡜ xൌേͳͲ㎶ࡾ࡛እቨ᪉ྥ࡟࡞ࡿ㸬ࡇࢀ࡟ࡼࡾ᩿㠃ෆ࡟Ꮡᅾࡍࡿ 
ࡣ Dean ᆺ࡜㏫ᅇ㌿࡛࠶ࡿ Lyne ᆺࡢᵓ㐀࡟㏆࠸㸬ෆቨ᪉ྥࡢ஧ḟὶࢀࡀⓎ⏕ࡍࡿഴྥࡣ㸪
Ng et al. [86] ࡟ࡼࡿ SᏐᙧ≧⟶㊰ෆ஘ὶࡢᐇ㦂ⓗ◊✲࡟࠾࠸࡚ࡶሗ࿌ࡉࢀ࡚࠸ࡿ㸬SᏐᙧ≧
⟶㊰࡛ࡣ㸪➨ 1᭤ࡾ࡛Ⓨ⏕ࡍࡿ Dean ࡢᅇ㌿᪉ྥࡀ➨ 2᭤ࡾ࡛ࡣ Lyne ࡢᅇ㌿᪉ྥ࡜୍
⮴ࡍࡿ㸬ࡺ࠼࡟㸪Lyne ࡢࡼ࠺࡞஧ḟὶࢀࡢⓎ⏕ࡣ㸪➨ 1᭤ࡾ࡟࠾ࡅࡿ Deanᆺࡢ஧ḟὶࢀ
ࡀ➨ 2 ᭤ࡾ࡟ఏ᧛ࡍࡿࡇ࡜࡟㉳ᅉࡍࡿ࡜ゎ㔘࡛ࡁࡿ [87]㸬ࡇࢀ࡟ࡘ࠸࡚ࡣḟ㡯࡛⪃ᐹࡍࡿ
ࡀ㸪ᐇ㝿࡟ࡣ㸪➨ 1 ᭤ࡾࡢ஧ḟὶࢀࡢᙳ㡪࡟ࡼࡗ࡚⏕ࡌࡿ➨ 2 ᭤ࡾὶධ㒊࡟࠾ࡅࡿ୺ὶࡢ
೫ὶࡀᨭ㓄ⓗ࡛࠶ࡿ㸬ࡲࡓ㸪Lyne [94] ࡟ࡼࡗ࡚♧ࡉࢀࡓ᣺ືὶୗ࡛Ⓨ⏕ࡍࡿ࢜ࣜࢪࢼࣝࡢ
Lyne ᵓ㐀㸦ᅗ 1.22㸧࡜ྠᵝ࡟㸪᩿ 㠃ෆ࡟ࡣ Dean ࡜ྠᅇ㌿᪉ྥࡢ ࡶᏑᅾࡍࡿ㸦ᅗ 3.15b
ཧ↷㸧㸬≉࡟᭱ᑠ᫬࡟ࡣ᭤ࡾෆቨഃ࡟᫂░࡞ Dean ࡀほᐹࡉࢀࡿ㸬ࡇࢀࡣ㸪᭤ࡾෆቨഃࡢ㠀
ᖖ࡟ᙉ࠸㏫ὶ㸦ݓ ൌ െʹͲȀ࡟㐩ࡍࡿ㸧࡟ࡼࡗ࡚㐲ᚰຊ᪉ྥࡢ஧ḟὶࢀࡀᒁᡤⓗ࡟ㄏ㉳ࡉࢀ





















ᯒࡀ୙☜࠿࡞せ⣲ࢆྵࡴ࡜ࡋ࡚ࡶ㸪఩┦ᖹᆒⓗ࡞ᵓ㐀୰࡟⌧ࢀࡿ Lyne  㸦ᅗ 3.15bཬࡧᅗ
3.17㸧ࢆ෌⌧ࡍࡿࡇ࡜ࡀ࡛ࡁࡿⅬ࡛࠶ࡿ㸬ࡘࡲࡾ㸪➨ 2᭤ࡾᚋࡢ Lyne ࡢ⏕ᡂ࡟ࡘ࠸࡚ࡣ㸪
ᖹᆒⓗ࡞ᩘ್ゎࢆ୚࠼ࡿ k-εࣔࢹࣝࢆ⏝࠸ࡓ CFDゎᯒ࡛ࡶ༑ศ㆟ㄽ࡛ࡁࡿ࡜⪃࠼ࡽࢀࡿ㸬 
 
 



























ᅗ 3.18 ➨ 2᭤ࡾฟཱྀ࠿ࡽ ʹͷǤʹͤୗὶ㸪୺ὶ᭱኱᫬ࡢࢫࢸࣞ࢜ PIVィ ⤖ᯝ࡜ CFDゎ
ᯒ⤖ᯝࡢẚ㍑ [125]㸬㏿ᗘࡣ㸪⟶㊰୰ኸ࡛᭤ࡾእቨ᪉ྥࡢ┤⥺ୖ࡟࠾ࡅࡿࢹ࣮ࢱ࡛
࠶ࡿ㸬ͤᩥ⊩ [125] ࠿ࡽᘬ⏝ࡋࡓࡢ࡛ィ ఩⨨ࡀ๓㡯㸦1Dୗὶ㸧࡜␗࡞ࡿ
ᅗ 3.19 ➨ 2᭤ࡾฟཱྀ࠿ࡽ ʹͷǤʹୗὶ㸪୺ὶ᭱኱᫬ࡢ CFDゎᯒ⤖ᯝ [125]㸬
࣋ࢡࢺࣝࡀ஧ḟὶࢀ㸪࣮࢝ࣛࢥࣥࢱ࣮ࡀ୺ὶ㏿ᗘศᕸࢆ⾲ࡍ
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࡛㠃ෆ࡟ὶయ㐠ືࢆ⏕ࡌࡿ㸪࡜ゎ㔘࡛ࡁࡿ㸬๓㡯࡛㏙࡭ࡓࡼ࠺࡟㸪➨ 1 ᭤ࡾ࡛ࡣ Dean  㸪



















ࡇࡇ࡛㸪r ࡣ᭤ࡾࡢ᭤⋡୰ᚰ࠿ࡽࡢ༙ᚄ᪉ྥ㊥㞳㸪w ࡣ⟶㍈᪉ྥࡢ㏿ᗘ㸪ρ ࡣὶయࡢᐦᗘ㸪
Pࡣᅽຊ࡛࠶ࡿ㸬➨ 1㡯ࡣ㐲ᚰຊ࡟┦ᙜࡋ㸪➨ 2㡯ࡣ༙ᚄ᪉ྥࡢᅽຊ໙㓄࡛࠶ࡿ㸬࡞࠾㸪ᘧ 
(3.17) ࡣ෇⟄ᗙᶆ⣔ࡢ Navier-Stokes ᪉⛬ᘧ࡟⏤᮶ࡍࡿࡶࡢ࡛࠶ࡾ㸪ヲ⣽ࡣ௜㘓 B࡟グ㍕ࡍ
ࡿ㸬ࡇࡢ್ࡀ኱ࡁ࠸࡜㸪እቨ᪉ྥࡢ஧ḟὶࢀࢆㄏ㉳ࡍࡿ㥑ືຊࡀ኱ࡁࡃ࡞ࡾ㸪Dean  ࡢⓎ
⏕࡟ࡘ࡞ࡀࡿ㸬 






1࣭ ➨ 2᭤ࡾ࡛᫂☜࡞ᕪ␗ࡣㄆࡵࡽࢀ࡞࠸ࡀ㸪ᘧ (3.17) ࡛ィ⟬ࡉࢀࡿ➢ྕࢆ⪃៖ࡋࡓྛ㡯ࡢ









 ᅗ 3.21(b)ࡣ┤⟶㒊ࡀ▷࠸ᙧ≧㸦ᅗ 3.12b㸧࡟ᑐࡍࡿ CFD ゎᯒ⤖ᯝ࡛࠶ࡾ㸪┤⟶㒊࡟࠾ࡅ
ࡿ୺ὶ㏿ᗘศᕸࢆ⾲ࡋ࡚࠸ࡿ㸬➨ 1 ᭤ࡾฟཱྀ࡛ࡣ Dean  ࡀⓎ⏕ࡍࡿࡀ㸦⤖ᯝࡣ┬␎㸧㸪┤
⟶㒊ࡀ▷࠸ࡓࡵ➨ 2 ᭤ࡾධཱྀࡢ೫ὶഴྥࡣ㸪ᅗ 3.21(a)࡟♧ࡍ⤖ᯝ࡜ẚ࡭࡚ᑠࡉ࠸㸬ࡑࡢࡓ
ࡵ㸪➨ 2᭤ࡾ㏻㐣ᚋࡢ ᵓ㐀࡟ࡶ㐪࠸ࡀ⏕ࡌࡿ㸬 
ࡇࡇ࡛㸪㏿ᗘ໙㓄ࢸࣥࢯࣝࡢ➨ 2 ୙ኚ㔞 [132] ࢆ⏝࠸࡚⟶ෆࡢ 3 ḟඖⓗ࡞ ᵓ㐀ࢆྍど
໬ࡍࡿ㸬➨ 2୙ኚ㔞ࡣ㸪㏿ᗘ໙㓄ࢸࣥࢯࣝࡢᑐ⛠ᡂศ ௜ܵ௝㸪࡜㠀ᑐ⛠ᡂศȳ௜௝ࢆ⏝࠸࡚㸪 
ܳ ൌ ͳʹ ൫ȳ௜௝ȳ௜௝ െ ௜ܵ௝ ௜ܵ௝൯ǡ (3.18) 
࡛⾲ࡉࢀࡿ㸬್ࢆ౑࠺ࡇ࡜ࡢ฼Ⅼࡣᗙᶆ⣔࡟౫Ꮡࡋ࡞࠸ࡇ࡜࡛࠶ࡾ㸪᭤ࡾࢆྵࡴ⟶㊰ෆ࡛
ࡶ 3ḟඖⓗ࡟ ᵓ㐀ࢆྠᐃࡍࡿࡇ࡜ࡀ࡛ࡁࡿ㸬ᅗ 3.22ࡣ 2✀㢮ࡢᙧ≧࠾ࡅࡿ ൌͳǤͲൈͳͲͷ
ሾͳȀʹሿࡢ➼್㠃ࢆ⾲ࡍ㸬┤⟶㒊ࡀ㛗࠸⟶㊰࡛ࡣ㸪➨ ͳ᭤ࡾᚋࡢ Dean ࡟┦ᙜࡍࡿ ʹᮏࡢ 





⟶ࡀほᐹࡉࢀ㸪ࡇࢀࡽࡣ┤⟶㒊ࢆ㏻ࡌ࡚➨ ʹ ᭤ࡾ࡬࡜ྥ࠿࠺㸬➨ ʹ ᭤ࡾᚋࡣከᩘࡢ ⟶ࡀ
ฟ⌧ࡋ㸪ࡇࢀࡽࡣ➨ ʹ ᭤ࡾᚋࡢ᩿㠃ෆ࡟ほᐹࡉࢀࡿ Lyne  ࡸ Dean  ࡟┦ᙜࡍࡿ㸬୍᪉㸪
ࡑࢀ࡜ẚ㍑ࡋ࡚┤⟶㒊ࡀ▷࠸⟶㊰࡛ࡣ㸪➨ 2᭤ࡾᚋ࡟࠾࠸࡚ࡶከᩘࡢ ⟶ࡀ⌧ࢀ࡞࠸㸬┤⟶









































ᅗ 3.22 ➨ 2୙ኚ㔞 ൌͳǤͲൈͳͲͷሾͳȀʹሿࡢ➼್㠃 [131]㸬㸦a㸧┤⟶㒊㛗࠸⟶㊰
㸦ᐇ㦂࡛౑⏝ࡋࡓ⟶㊰㸸ᅗ 3.12a㸧㸪㸦b㸧┤⟶㒊ࡀ▷࠸ᙧ≧㸦ᅗ 3.12b㸧

➨  ❶ ஧ࡘࡢ᭤ࡾ࡛Ⓨ㐩ࡍࡿ఩┦ᖹᆒⓗ࡞஧ḟὶࢀᵓ㐀







ࡲࡓ㸪RNG k-εࣔࢹࣝࢆ⏝࠸ࡓ CFD ゎᯒࢆ⾜࠸㸪஧ḟὶࢀࡢ⏕ᡂᶵᵓ➼ࡢ⪃ᐹࢆ୚࠼ࡓ㸬
࡞࠾㸪ᮏ❶࡛ㄽࡌࡓ⌧㇟ࡣ㸪࠸ࡎࢀࡶ఩┦ᖹᆒⓗ࡞㏿ᗘሙ࡟ᇶ࡙ࡃ㸬୺࡞▱ぢࢆ௨ୗ࡟♧ࡍ㸬 
 
(1) ➨ 1 ᭤ࡾฟཱྀ࠿ࡽ 1D ୗὶࡢ⟶㊰᩿㠃ෆ࡛ࡣ㸪Dean  ࠿ࡽᵓᡂࡉࢀࡿ஧ḟὶࢀࡀ⌧ࢀ
ࡿ㸬ࡇࡢഴྥࡣ PIVࢆ⾜ࡗࡓ඲఩┦㸦୺ὶຍ㏿᫬࣭᭱኱᫬࣭ῶ㏿᫬࣭᭱ᑠ᫬㸧࡛ඹ㏻࡛
࠶ࡿ㸬 
(2) ➨ 2 ᭤ࡾฟཱྀ࠿ࡽ 1D ୗὶࡢ఩⨨࡛ࡣ㸪᩿㠃ࡢ୰ኸ㒊࡟ Lyne  ࡜ྠᅇ㌿᪉ྥࡢ஧ḟ 
ࡀⓎ⏕ࡍࡿ㸬Lyne ࡣ PIVࢆ⾜ࡗࡓ඲఩┦࡛⌧ࢀ㸪Dean ࢆ⟶ቨ࡟ᢲࡋᐤࡏࡿࡼ࠺࡟
Ꮡᅾࡍࡿ㸬 






(5) ୖグ(4)ࡣ㸪➨ 1᭤ࡾ࡛⏕ᡂࡉࢀࡓ Deanᆺࡢ஧ḟὶࢀ࡟ᚑࡗ࡚㸪୺ὶ㧗㏿ᇦࡀ┤⟶㒊࡟
࡚ᑐὶࡍࡿࡇ࡜࡟㉳ᅉࡍࡿ㸬➨2᭤ࡾධཱྀ࡛ࡣ㸪᩿ 㠃ෆ࡛┦ᑐⓗ࡟ప㏿࡞㡿ᇦࡀฟ⌧ࡋ㸪
ࡇࢀࡀ㐲ᚰຊࡢపୗࢆᣍࡃ㸬 
(6) CFDゎᯒࡣ᭤ࡾ㛫ࡢ┤⟶㛗ࡉࡀ▷࠸ᙧ≧࡟ᑐࡋ࡚ࡶᐇ᪋ࡉࢀ㸪➨ 2୙ኚ㔞ࢆ⏝࠸࡚ 3ḟ



















ᵓ㐀㸦VLSM㸧ࡀᑐὶࡍࡿㄝ [60, 66-68] ࡸ㸪᭤ࡾ㒊㸦≉࡟ෆቨഃ㸧࠿ࡽⓎ⏕ࡍࡿㄝ [59, 69, 
70] ➼ࡀ࠶ࡿ㸬 
⧞ࡾ㏉ࡋ࡟࡞ࡿࡀ㸪⬦ືࢆ᭷ࡍࡿ᭤ࡾ⟶ෆ஘ὶሙࢆᑐ㇟࡜ࡋࡓ◊✲ࡣᑡ࡞ࡃ㸪⤌⧊ᵓ㐀ⓗ












































3 ❶࡜ྠᵝ࡟஧ࡘࡢ᭤ࡾ㸦➨ 1 ᭤ࡾ㸪➨ 2 ᭤ࡾ㸧࡜┤⟶㒊࠿ࡽᵓᡂࡉࢀࡿ㸬➨ 1 ᭤ࡾࡢୖ
ὶ࣭ୗὶഃ࡟ࡣ㛗ࡉ 25Dࡢ┤⟶ࡀタ⨨ࡉࢀ㸪஧ࡘࡢ᭤ࡾࡣ㛗ࡉ 5Dࡢ┤⟶࡛᥋⥆ࡉࢀࡿ㸬ྛ



















D = 32 mm













᫬⣔ิࢫࢸࣞ࢜ PIV㸦time-resolved stereo particle image velocimetry㸸TRS-PIV㸧࡜ࡣ㸪ゝ࠺
࡞ࡽࡤ➨ 2❶ࡢ᫬⣔ิ PIV࡜➨ 3❶ࡢࢫࢸࣞ࢜ PIVࢆ⤌ࡳྜࢃࡏࡓࡼ࠺࡞ᡭἲ࡛࠶ࡿ㸬࢝
࣓ࣛࢆ 2ྎ౑⏝ࡍࡿࡢ࡛㸪2ḟඖ᩿㠃ෆࡢ㏿ᗘ 3ᡂศࢆྲྀᚓ࡛ࡁ㸪㧗㏿ᗘ࣓࢝ࣛཬࡧ㧗࿘Ἴ
Ⓨ᣺ࡀྍ⬟࡞࣮ࣞࢨࢆ⏝࠸ࡿࡇ࡜࡛㧗࠸᫬㛫ศゎ⬟ࢆᐇ⌧࡛ࡁࡿ㸬ᮏᡭἲࢆ⏝࠸࡚ྛ᭤ࡾ











ࡓ㸪ཎⅬࡣィ ᩿㠃ࡢ୰ᚰ࡟఩⨨ࡍࡿ㸬ᮏ❶࡛ࡣ㸪(x1, y1, z1)ཬࡧ(x2, y2, z2)ᗙᶆ⣔࡟࠾ࡅࡿ㏿
ᗘᡂศࢆ(u, v, w)࡛⾲ࡍ㸬 
ィ ࡢࢧࣥࣉࣜࣥࢢ࣮ࣞࢺࡣ ͷ࡛࠶ࡾ㸦➨ 1᭤ࡾୖὶࡢィ ࡛ࡣ ͳͲ࡛⾜ࡗࡓ㸧㸪
ࡇࢀࡣ Strouhalᩘ㸦ܵݐ ൌ ݂ܦ ݓ௕തതതതΤ , ݂㸸࿘Ἴᩘ㸪ܦ㸸⟶㊰ࡢỈຊ┤ᚄ㸪ݓ௕തതതത㸸ィ ⤖ᯝ࡟ᇶ࡙ࡃ
᫬㛫ᖹᆒࣂࣝࢡ㏿ᗘ㸧࡛ࡣ ൌͺ Ǥ͸͹࡟┦ᙜࡍࡿ㸬➹⪅ࡢᩥ⊩ㄪᰝ࡟ࡼࡿ࡜㸪Swirl-switching



























ᅗ 4.4 ᗙᶆ⣔ࡢᐃ⩏㸬㸦ᕥ㸧➨ 1᭤ࡾ㸪㸦ྑ㸧➨ 2᭤ࡾ































᥋┦஫┦㛵ἲ࡟ᇶ࡙ࡁ㸪ィ⟬᱁ᏊⅬࢆ⏬ീ୰࡟ ʹʹ 㛫㝸࡛㓄⨨ࡋࡓ㸬᳨ᰝ❆ࢧ࢖ࢬࡣ 
ᅗ 4.5 ィ 㡿ᇦ࡜᫬⣔ิࢫࢸࣞ࢜ PIVࢩࢫࢸ࣒ 









Optical detector mounted on pulsatile flow generator
Low-pass filter


















Interrogation window size ͶͷൈͶͷ
Search window size dependent on cameras, positions, 
and flow cases 
Magnification factor ͲǤͲ͵ͻͳȀ




ᅗ 4.6 ᫬⣔ิࢫࢸࣞ࢜ PIVࢩࢫࢸ࣒ࡢಙྕ⣔
⾲ 4.1 PIVࡢྛ✀ࣃ࣓࣮ࣛࢱ㸦㏫ᢞᙳᚋ⏬ീ࡟ᑐࡍࡿ್㸧





































ᅗ 4.7 PIVィ ⤖ᯝ㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶ㸧࠿ࡽィ⟬ࡉࢀࡿࣂࣝࢡ㏿ᗘ
ࡢ᫬㛫Ἴᙧ㸬ᶓ㍈ࡣ⬦ືࡢ࿘ᮇ࡛ṇつ໬ࡉࢀ࡚࠸ࡿ
















4.8c㸧࡛㢧ⴭ࡛࠶ࡿ㸬ࡇࢀ࡜ࡼࡃఝࡓഴྥࡣ Komai & Tanishita [134] ࡸ Boiron [135] ࡟ࡼࡗ
࡚ࡶሗ࿌ࡉࢀ࡚࠾ࡾ㸪Kalpakli et al. [38] ࡜ Najjari & Plesniak [105] ࡣ㸪ᅽຊ໙㓄࡟ᑐࡍࡿ㐲
ᚰຊࡀῶ㏿㐣⛬࡛ࡑࡢᙳ㡪ຊࢆቑࡍ㸪࡜ㄝ᫂ࡋ࡚࠸ࡿ㸬 
ᐃᖖཬࡧ⬦ື᮲௳࡟࠾ࡅࡿྛ᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶ࡛ࡢ᫬㛫ᖹᆒ㏿ᗘሙࢆᅗ 4.9࡟♧ࡍ㸬
➨ 1᭤ࡾᚋࡢ஧ḟὶࢀ࡟╔┠ࡍࡿ࡜㸦ᅗ 4.9a, b㸧㸪⟶㊰୰ኸ㸦xͳȀൌͲ㸧㏆㎶࡛ࡣ᭤ࡾእቨ
᪉ྥ㸪ᕥྑࡢቨ㠃㸦xͳȀൌേͲǤͷ㸧㏆㎶࡛ࡣෆቨ᪉ྥ࡛࠶ࡾ㸪⤖ᯝⓗ࡟ Deanᆺࡢ ࡀほᐹࡉ
ࢀࡿ㸬➨ 2᭤ࡾᚋࡢ஧ḟὶࢀࡣ㸦ᅗ 4.9c, d㸧㸪⟶㊰୰ኸ࡟࡚ Deanᆺ࡜㏫ᅇ㌿ࡢ Lyne ࡀⓎ
⏕ࡋ࡚࠸ࡿ㸬ࡇࢀࡽࡢᖹᆒⓗ࡞஧ḟὶࢀᵓ㐀࡟㛵ࡍࡿ⤖ᯝࡣ➨ 3❶࡜ඹ㏻࡛࠶ࡿࡢ࡛㸪⪃ᐹ





 32' ゎᯒ㸸⬦ືὶୗࡢ 6ZLUOVZLWFKLQJ

PODゎᯒࡢᩘᏛⓗ⫼ᬒࡣ 2.2.2㡯࡟グ㍕ࡋࡓࡢ࡛㸪ࡇࡇ࡛ࡣᩘ್ィ⟬ᑐ㇟࡜࡞ࡿ᪉⛬ᘧࢆ
ิᣲࡍࡿ࡟࡜࡝ࡵࡿ㸬఩⨨㸸ሺxǡyሻ㸪᫬้㸸t ࡟࠾ࡅࡿ㏿ᗘࡢ i ᪉ྥᡂศ㸸uiሺxǡyǡ tሻࢆ⪃࠼ࡿ
᫬㸪ゎࡃ࡭ࡁᅛ᭷್ၥ㢟ࡣ㸪 














































ᅗ 4.8 ᫬⣔ิࢫࢸࣞ࢜ PIV࡛ᚓࡽࢀࡓ➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ▐᫬㏿ᗘሙ㸬㸦a㸧ᐃᖖ
ὶ㸦ᅗ 4.7୰ࡢ ȀɒൌͲǤͳͳ㸧㸪㸦b㸧⬦ືὶࡢຍ㏿᫬㸦ᅗ 4.7୰ࡢ ȀɒൌͲǤͳͳ㸧㸪㸦c㸧⬦ື
ὶࡢῶ㏿᫬㸦㸦ᅗ 4.7୰ࡢ ȀɒൌͲǤ͸͵㸧㸬࡞࠾㸪㏿ᗘࢹ࣮ࢱࡣ᫬㛫ᖹᆒࣂࣝࢡ㏿ᗘ࡛ṇ
つ໬ࡉࢀ࡚࠸ࡿ㸹ݑכ ൌ ݑ ݓ௕തതതതΤ 㸪ݒכ ൌ ݒ ݓ௕തതതതΤ 㸪ݓכ ൌ ݓ ݓ௕തതതതΤ 






























ܽሺ௡ሻሺݐሻ ൌ නݑ௜ሺݔǡ ݕǡ ݐሻ߶௜
ሺ௡ሻሺݔǡ ݕሻ݀ݔ݀ݕǡ (4.2) 
࡛୚࠼ࡽࢀࡿ㸬௵ពࡢ POD࣮ࣔࢻ㸦࣮ࣔࢻ 0㹼࣮ࣔࢻ n㸧ࢆ⏝࠸ࡓὶࢀࡢ෌ᵓᡂࡣ㸪









ᅗ 4.9 PIVࢹ࣮ࢱ࠿ࡽᚓࡽࢀࡓ᫬㛫ᖹᆒ㏿ᗘሙ㸬㸦a㸧ᐃᖖὶ㸪➨ 1᭤ࡾ㸪㸦b㸧⬦ືὶ㸪
➨ 1᭤ࡾ㸪㸦c㸧ᐃᖖὶ㸪➨ 2᭤ࡾ㸪㸦d㸧⬦ືὶ㸪➨ 2᭤ࡾ㸬㏿ᗘࢹ࣮ࢱࡣᅗ 4.8
࡜ྠᵝ࡟ṇつ໬ࡉࢀ࡚࠾ࡾ㸪࣋ࢡࢺࣝ⾲♧㢖ᗘࡣࢹ࣮ࢱゎീᗘࡢ 1/2࡛࠶ࡿ





୺ὶ᪉ྥ㏿ᗘࢆྵࡵࡓ 3ᡂศ࡟ᑐࡍࡿ PODゎᯒ⤖ᯝࡣ௜㘓 C࡟グ㍕ࡉࢀ࡚࠸ࡿࡢ࡛ᚲせ࡟
ᛂࡌ࡚ཧ↷ࡉࢀࡓ࠸㸬ゎᯒ࡟⏝࠸ࡿ᫬㛫ࢧࣥࣉࣝᩘࡣ ͷǡͲͲͲ࡛࠶ࡾ㸪ᅛ᭷್ࡢ཰᮰ᛶ [128] 
ࡣ 2.2.2㡯࡜ྠᵝࡢ᪉ἲ࡛☜ㄆࡉࢀࡓ㸬












ᐃᖖ᮲௳ࡢ POD ࣮ࣔࢻࢆぢࡿ࡜㸪࣮ࣔࢻ 0 ࡛ࡣ᫂☜࡞ Dean  ࡀᤊ࠼ࡽࢀ㸪᫬㛫ᖹᆒሙ࡜
ࡋ࡚⌧ࢀࡿ஧ḟὶࢀᵓ㐀㸦ᅗ 4.9a㸧࡜୍⮴ࡍࡿ㸬࣮ࣔࢻ 1ࡣ᩿㠃ෆࢆ୍ࡘࡢࢫ࣮࣡ࣝࡀ༨ࡵ
ࡿᵓ㐀ࢆ⾲ࡋ࡚࠾ࡾ㸪᭤ࡾ෇⟶ෆ஘ὶࢆᢅ࠺㛵㐃◊✲ [38, 59-61, 66, 67] ࡟࠾ࡅࡿ POD ゎ
ᯒ⤖ᯝ࡜୍⮴ࡍࡿ㸬࣮ࣔࢻ 1ࡢ PODಀᩘܽሺଵሻሺݐሻࡣ᫬㛫ᖹᆒ್ࡀࢮࣟ࡞ࡢ࡛㸦⤖ᯝࡣ┬␎㸧㸪
࣮ࣔࢻ 1ࡀ♧ࡍࢫ࣮࣡ࣝᵓ㐀ࡣᖹᆒⓗ࡟ࡣ Dean ᵓ㐀࡟ᐤ୚ࡋ࡞࠸ [64]㸬ࡲࡓ㸪ࡇࡢᵓ㐀
ࡣ Swirl-switching⌧㇟ࡢᏑᅾࢆ♧၀ࡋ࡚࠸ࡿ㸬࣮ࣔࢻ 2࡟ࡣ஧ࡘࡢ ࡀほᐹࡉࢀ㸪ࡇࢀ࡜ࡼ
ࡃఝࡓᵓ㐀ࢆ Hufnagel et al. [59] ࡣࠕdouble swirl 㸪ࠖHellström et al. [66]㸪Kalpakli Vester et al. 






switchingࡀⓎ⏕ࡋ࡚࠸ࡿ࡜᥎ ࡉࢀࡿ㸬POD࣮ࣔࢻ 0㹼9ࢆ⏝࠸࡚ᘧ (4.3) ࡟ᇶ࡙ࡃὶࢀࡢ





ᅗ 4.12࡟㸪➨ 2᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ POD࣮ࣔࢻࢆ♧ࡍ㸬➨ 1᭤ࡾ࡜ࡢỴᐃⓗ࡞㐪࠸
ࡣྛ࣮ࣔࢻ࡛ᤊ࠼ࡽࢀࡿ ࡢᩘ࡛࠶ࡿ㸬࣮ࣔࢻ 0࡛ࡣ᩿㠃୰ኸ㒊࡟ Lyne ࡀ⌧ࢀ㸪ࡑࢀࢆ
ྲྀࡾᅖࡴࡼ࠺࡟ Dean ࡀᏑᅾࡍࡿ㸬ࡇࡢᵓ㐀ࡣ᫬㛫ᖹᆒሙ㸦ᅗ 4.9c, d㸧࡜୍⮴ࡍࡿ㸬࣮ࣔ
ࢻ 1㸪2࡟࠾࠸࡚ࡶ➨ 1᭤ࡾ࡜ẚ࡭࡚ከᩘࡢ ࡀᤊ࠼ࡽࢀࡿ㸬ᖹᆒⓗ࡞≉ᛶࢆㄽࡌࡓ➨ 3❶
࡛ࡣ㸪➨ 1 ᭤ࡾᚋࡢ೫ὶ࡟ࡼࡗ࡚➨ 2 ᭤ࡾᚋࡢ஧ḟὶࢀᵓ㐀ࡀ」㞧໬ࡍࡿ࡜㏙࡭ࡓࡀ㸪ࡇ
ࡢᙳ㡪ࡣ࢚ࢿࣝࢠ࣮ࡢ㧗࠸ POD࣮ࣔࢻ࡟ࡶ⌧ࢀࡿࡼ࠺࡛࠶ࡿ㸬➨ 1᭤ࡾ࡜ྠᵝ࡟㸪⬦ື᮲
௳࡟ࡘ࠸࡚ POD࣮ࣔࢻ 0㹼9ࢆ⏝࠸࡚▐᫬㏿ᗘሙࡢ෌ᵓᡂࢆ⾜࠺㸬௦⾲ⓗ࡞ 2᫬้ࡢ⤖ᯝ 
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ࢆᅗ 4.13࡟♧ࡍ㸬෌ᵓᡂ⤖ᯝࡣ඲㐠ື࢚ࢿࣝࢠ࣮ࡢ ͸ͳΨࢆᤊ࠼ࡿ㸬ᅗ 4.13(a)ࢆぢࡿ࡜㸪ᖹ
ᆒሙ࡛ྑഃ㸦ݔଶ ܦΤ ൐ Ͳ㸧࡟Ꮡᅾࡍࡿ ࡀ㸪ࡑࡢࢧ࢖ࢬࡸ㐠ື࢚ࢿࣝࢠ࣮ࢆቑࡋ࡚࠸ࡿ㸬୍ ᪉㸪
ᅗ 4.13(b)࡟♧ࡍูࡢ᫬้࡛ࡣ㸪ᕥഃ㸦ݔଶ ܦΤ ൏ Ͳ㸧ࡢ ࡢᙳ㡪ຊࡀ኱ࡁ࠸㸬ࡇࡢࡼ࠺࡟➨ 2᭤
ࡾ࡟࠾࠸࡚ࡶ Swirl-switchingࡢࡼ࠺࡞⌧㇟ࡀⓎ⏕ࡍࡿ㸬➨ 2᭤ࡾ࡛ࡣ㸪➨ 1᭤ࡾ࡜ẚ࡭࡚ከ
ᩘࡢ ࡀㄏ㉳ࡉࢀࡿࡀ㸪ྛ ࡢᙉᗘࡀ᫬㛫ⓗ࡟ኚືࡍࡿࡼ࠺࡛࠶ࡿ㸬࡞࠾㸪ࡇࢀ௨㝆ࡣ㸪✵
㛫ⓗ≉ᛶࡀࡼࡾ༢⣧࡞➨ 1᭤ࡾᚋࡢ⤖ᯝࢆ⏝࠸࡚ Swirl-switchingࡢ≀⌮ࢆ㆟ㄽࡍࡿ㸬 




















































ᘧ (4.2) ࢆ⏝࠸࡚᫬㛫౫Ꮡࡢ PODಀᩘ㸦࣮ࣔࢻ 0㸪1㸧ࢆィ⟬ࡋ㸪⬦ື᮲௳࡟࠾ࡅࡿ⤖ᯝ
ࢆ᫬㛫Ἴᙧ࡜ࡋ࡚♧ࡍ࡜ᅗ 4.14ࡢࡼ࠺࡟࡞ࡿ㸬ࡓࡔࡋ㸪PODಀᩘ࡟ࡣ᫬㛫ⓗᑠࢫࢣ࣮ࣝࡢ
ኚືࢆྵࡴࡢ࡛㸪࢝ࢵࢺ࢜ࣇ࿘Ἴᩘ㸸450 Hz㸦ൌͲǤ͹ͺ㸧ࡢ⛣ືᖹᆒ࡟ࡼࡗ࡚ᖹ⁥໬ࡉࢀ࡚
࠸ࡿ㸬ࢢࣛࣇ୰࡟ࡣࣂࣝࢡ㏿ᗘࡢ᫬㛫Ἴᙧࡶ⾲♧ࡋ࡚࠸ࡿ㸬࣮ࣔࢻ 0 ࡢ POD ಀᩘܽሺ଴ሻ࡟㛵
ࡋ࡚㸪ࡑࡢ᫬㛫Ἴᙧࡣࣂࣝࢡ㏿ᗘἼᙧ࡜࠾࠾ࡼࡑ୍⮴ࡍࡿ㸬ࡇࡢࡇ࡜ࡣ㸪ᖹᆒⓗ࡞ᵓ㐀࡛࠶
ࡿ Dean ࡢᙉࡉࡀ୺ὶ᪉ྥࡢ⬦ື࡟ᚑࡗ࡚ኚ໬ࡍࡿࡇ࡜ࢆព࿡ࡍࡿ㸬ࡲࡓ㸪ࣂࣝࢡ㏿ᗘ࡜








࣮ࣔࢻ 0 ࡢ POD ಀᩘ࡟ࡣࢃࡎ࠿࡞᫬㛫ᕪࡀㄆࡵࡽࢀࡿ㸬ࡇࢀࢆᐃ㔞ⓗ࡟ホ౯ࡍࡿࡓࡵ࡟㸪
ḟᘧ࡛ᐃ⩏ࡉࢀࡿ┦㛵ಀᩘࢆィ⟬ࡍࡿ㸬 
ܴሺݓ௕Ǣܽሺ଴ሻǡ οݐሻ ൌ
σሼݓ௕ሺݐሻ െ ݓ௕തതതതሽ൛ܽሺ଴ሻሺݐ ൅ οݐሻ െ ܽሺ଴ሻതതതതതൟ
ටσሼݓ௕ሺݐሻ െ ݓ௕തതതതሽଶ σ൛ܽሺ଴ሻሺݐ ൅ οݐሻ െ ܽሺ଴ሻതതതതതൟ
ଶ
Ǥ (4.5) 
ᘧ (4.5) ࡛ồࡵࡽࢀࡿ┦㛵ಀᩘࢆ᫬㛫ᕪοݐ࡟ᑐࡋ࡚ࣉࣟࢵࢺࡍࡿ࡜ᅗ 4.15 ࡢࡼ࠺࡟࡞ࡿ㸬
┦㛵ಀᩘࡢࣆ࣮ࢡࡣοݐ ൌ ሺͲǤͳͳ ൅ ݅ሻ ൈ ߬㸦iࡣᩚᩘ㸧࡟⌧ࢀ㸪୺ὶ㏿ᗘࡢ࿘ᮇⓗኚື࡟ᑐࡋ࡚
ͲǤͳͳɒ ሾሿ㐜ࢀ࡚ POD ಀᩘࡀ⬦ື࿘ᮇ࡟ᚑ࠸ኚືࡍࡿ࡜ゎ㔘࡛ࡁࡿ㸬ࡇࡢ୧⪅ࡢ᫬㛫ᕪࡣ㸪
୺ὶῶ㏿㐣⛬࡛ Dean ࡀᙉࡃ࡞ࡿࡇ࡜ࢆព࿡ࡋ࡚࠾ࡾ㸪ຍ㏿᫬ࡼࡾࡶῶ㏿᫬ࡢ᪉ࡀᙉ࠸೫







ࡲ࡛ࡣͳܦ㸪᭤ࡾධཱྀ࠿ࡽィ 㡿ᇦࡲ࡛ࡣሺܴ ൈ ߨ ʹΤ ሻ ൅ ͳܦ࡛࠶ࡿ㸬ᑐὶ㏿ᗘࢆ᫬㛫ᖹᆒࣂࣝࢡ



















 ᅗ 4.14 ࣮ࣔࢻ 0࡜࣮ࣔࢻ 1࡟ᑐᛂࡍࡿ PODಀᩘࡢ᫬㛫Ἴᙧ࡜ࣂࣝࢡ㏿ᗘࡢ᫬㛫
ኚ໬㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ⬦ື᮲௳㸧














































ᅗ 4.15 ᘧ (4.5) ࡟ᇶ࡙ࡃࣂࣝࢡ㏿ᗘ࣭PODಀᩘ㸦࣮ࣔࢻ 0㸧ࡢ┦㛵ಀᩘ
㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ⬦ື᮲௳㸧
ᅗ 4.16 PODಀᩘ㸦࣮ࣔࢻ 1㸧ࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦᗘ
㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢᐃᖖ࣭⬦ື᮲௳㸧






Hufnagel et al. [59] ࡜ Hellström et al. [66] ࡣ㸪᭤ࡾ෇⟶ෆ஘ὶ㸦ࡑࢀࡒࢀ ൌͳͳǡ͹ͲͲ୪ࡧ࡟






ኚ᥮ࢆ⾜࠺㸬ᅗ 4.17ࡣ࣮ࣔࢻ 1ࡢ PODಀᩘ࡟㛵ࡍࡿࢫ࢝ࣟࢢ࣒ࣛ㸦ࢢ࣮ࣞࢫࢣ࣮ࣝࡢࢥࣥ







ࡢ࡛㸪PODಀᩘ࡟㛵ࡋ࡚࣮ࣔࢻ 0࡜࣮ࣔࢻ 1ࡢ┦㛵ಀᩘࢆḟࡢࡼ࠺࡟ᐃ⩏ࡍࡿ㸬 
ܴሺܽሺ଴ሻǢܽሺଵሻǡ οݐሻ ൌ
σ൛ܽሺ଴ሻሺݐሻ െ ܽሺ଴ሻതതതതതൟหܽሺଵሻሺݐ ൅ οݐሻ െ ܽሺଵሻതതതതതห
ටσ൛ܽሺ଴ሻሺݐሻ െ ܽሺ଴ሻതതതതതൟଶ σ൛ܽሺଵሻሺݐ ൅ οݐሻ െ ܽሺଵሻതതതതതൟଶ
Ǥ (4.6) 
๓㏙ࡢᘧ (4.5) ࡛ᐃ⩏ࡉࢀࡿ┦㛵ಀᩘ࡜ᑡࡋ␗࡞ࡾ㸪࣮ࣔࢻ 1ࡢ PODಀᩘ࡟ࡘ࠸࡚ࡣ⤯ᑐ
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ᅗ 4.17 ࢙࣮࢘ࣈࣞࢵࢺゎᯒ࡟ࡼࡗ࡚ᚓࡽࢀࡓ࣮ࣔࢻ 1ࡢ PODಀᩘ࡟ᑐࡍࡿࢫ࢝ࣟࢢ࣒ࣛ
࡜࣮ࣔࢻ 0ࡢ PODಀᩘࡢ᫬㛫Ἴᙧ㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶ㸧㸬㸦a㸧ᐃᖖὶ㸪
㸦b㸧⬦ືὶ
ᅗ 4.18 ᘧ (4.6) ࡟ᇶ࡙ࡃ࣮ࣔࢻ 0ཬࡧ࣮ࣔࢻ 1ࡢ PODಀᩘ࡟ᑐࡍࡿ
┦㛵ಀᩘ㸦➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ⬦ື᮲௳㸧









switchingࡢ㉳※࡟ࡘ࠸࡚ࡣㅖㄝ࠶ࡿࡀ㸪Sakakibara & Machida [68] ࡀ♧၀ࡋࡓࠕ᭤ࡾୖὶ࡟
࠾ࡅࡿ኱つᶍᵓ㐀࡜ࡢ㛵ಀ ࡣࠖ㸪ᚋࡢ㛵㐃◊✲࡟ከ኱࡞ᙳ㡪ࢆ୚࠼ࡓ㸬ᮏ◊✲࡟࠾࠸࡚ࡶ㸪
᭤ࡾୖὶࡢὶࢀᵓ㐀࡜ Swirl-switching࡜ࡢ㛵㐃ᛶࢆ㆟ㄽࡍࡿ㸬 














4.19࡟♧ࡍ㧗㏿㡿ᇦ୪ࡧ࡟ప㏿㡿ᇦࡣ㸪Carlsson et al. [60] ࡸ Sakakibara & Machida [68] ࡀ






ࡔࡋ㸪ᘧ (4.1) ࡟ᇶ࡙ࡃ PODゎᯒ࡛ࡣ㸪᫬㛫᪉ྥࡢ┦㛵ィ⟬ࢆᐇ᪋ࡋ࡞࠸ࡇ࡜࠿ࡽ㸪ᚓࡽ
ࢀࡿ POD࣮ࣔࢻࡣ࠶ࡽࡺࡿ᫬㛫ࢫࢣ࣮ࣝࢆྵࡴྍ⬟ᛶࡀ࠶ࡿ㸬ࡺ࠼࡟㸪PODಀᩘࢆ⏝࠸ࡓ
᫬㛫ࢫࢣ࣮ࣝࡢ㆟ㄽ࡟ࡣὀពࡀᚲせ࡛࠶ࡿ㸬ࡇࡢၥ㢟ࢆᡴ㛤ࡍࡿࡓࡵ㸪ᮏ㡯࡛ࡣࢫ࣌ࢡࢺࣝ
POD㸦spectral proper orthogonal decomposition [136]㸧ࢆᑟධࡍࡿ㸬ᮏᡭἲࡣ㸪᫬✵㛫㡿ᇦ࡟࠾
ࡅࡿ POD㸸 
නܥ௜௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ݐǡ ݐᇱሻ߶௝ሺݔᇱǡ ݕᇱǡ ݐᇱሻ݀ݔᇱ݀ݕᇱ݀ݐᇱ ൌ ߣ߶௜ሺݔǡ ݕǡ ݐሻǡ (4.7) 
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ᅗ 4.19 ➨ 1᭤ࡾධཱྀ࠿ࡽ 3Dୖὶ࡟࠾ࡅࡿ POD࣮ࣔࢻ 1㹼8ࢆ⏝࠸࡚෌ᵓᡂࡉࢀࡓ
୺ὶ᪉ྥࡢኚື㏿ᗘ㸬㸦a㸪b㸧ࡣࡑࢀࡒࢀ᫬้ࡀ␗࡞ࡿ㸬ኚື㏿ᗘࡣ᫬㛫ᖹ
ᆒࣂࣝࢡ㏿ᗘ࡛ṇつ໬ࡉࢀ࡚࠸ࡿ
ᅗ 4.20 PODಀᩘ㸦࣮ࣔࢻ 1㹼3㸧ࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦᗘ㸦➨ 1᭤ࡾධཱྀ࠿ࡽ
3Dୖὶࡢᐃᖖ᮲௳㸪୺ὶ᪉ྥࡢኚືᡂศ࡟ᑐࡍࡿ POD㸧






ܥ௜௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ݐǡ ݐᇱሻ ൌ ۃݑ௜ሺݔǡ ݕǡ ݐሻݑ௝ሺݔᇱǡ ݕᇱǡ ݐᇱሻۄǡ (4.8) 
࡛ᐃ⩏ࡉࢀࡿ㸬ᮏ㡯࡛ᢅ࠺ᐃᖖ஘ὶࡢ㏿ᗘࢹ࣮ࢱࡣ㸪ḟࡢࡼ࠺࡞ᙅᐃᖖᛶࢆ᭷ࡍࡿ㸬 
ܥ௜௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ݐǡ ݐᇱሻ ൌ ܥ௜௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ߬ሻǤ (4.9) 
ࡇࡇ࡛㸪߬ ൌ ݐ െ ݐᇱ࡛࠶ࡿ㸬ᘧ (4.9) ࡢࡼ࠺࡞➼᪉ᛶࡀᡂࡾ❧ࡘሙྜ㸪ᅛ᭷㛵ᩘࡣࣇ࣮࢚ࣜࣔ
࣮ࢻ࡟ᖐ╔ࡍࡿ [137]㸬ࡼࡗ࡚㸪PODࡢᅛ᭷್ၥ㢟ࢆゎࡃ๓࡟㸪㏿ᗘࢹ࣮ࢱ࡟ᑐࡍࡿ᫬㛫᪉
ྥࡢࣇ࣮࢚ࣜኚ᥮ࢆ⾜࠺㸬 
ݑො௜ሺݔǡ ݕǡ ݂ሻ ൌ නݑ௜ሺݔǡ ݕǡ ݐሻ݁ି௜ଶగ௙௧݀ݐǤ (4.10) 
௜ܵ௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ݂ሻ ൌ ۃݑො௜ሺݔǡ ݕǡ ݂ሻݑො௝ሺݔᇱǡ ݕᇱǡ ݂ሻۄǤ (4.11) 
ࢫ࣌ࢡࢺࣝ PODࡢᅛ᭷್ၥ㢟ࡣḟᘧ࡛⾲ࡉࢀࡿ㸬 
න ௜ܵ௝ሺݔǡ ݔᇱǡ ݕǡ ݕᇱǡ ݂ሻ߶௝ሺݔᇱǡ ݕᇱǡ ݂ሻ݀ݔᇱ݀ݕᇱ ൌ ߣሺ݂ሻ߶௜ሺݔǡ ݕǡ ݂ሻǤ (4.12) 
࡞࠾㸪ᐇ㝿ࡢᩘ್ゎἲࡣ Towne et al. [136] ࡜ྠᵝ࡛࠶ࡿ㸬 
ࢫ࣌ࢡࢺࣝPOD࡛ᚓࡽࢀࡿPOD࣮ࣔࢻࡣᘧ (4.12) ࠿ࡽศ࠿ࡿࡼ࠺࡟࿘Ἴᩘ࡟౫Ꮡࡍࡿ㸬
ࡋࡓࡀࡗ࡚㸪࠶ࡿ≉ᐃࡢ᫬㛫ࢫࢣ࣮ࣝࢆ᭷ࡍࡿᵓ㐀ࢆ POD࣮ࣔࢻ࡜ࡋ࡚ᢳฟࡍࡿࡇ࡜ࡀ࡛
ࡁࡿ㸬➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶ㠃ෆࡢኚື㏿ᗘᡂศ㸦ݑᇱ ൌ ݑ െ ݑത㸪ݒᇱ ൌ ݒ െ ݒҧ㸧࡟ᑐࡋ࡚ࢫ
࣌ࢡࢺࣝ PODࢆ⾜࠺࡜㸪ᅗ 4.21ࡢࡼ࠺࡞ POD࣮ࣔࢻࡀᢳฟࡉࢀࡿ㸬๓㡯ࡢ✵㛫┦㛵ࡢࡳ
ࢆ⪃៖ࡋࡓ PODゎᯒ࡛ࡣ㸪࣮ࣔࢻ 1࡜ࡋ୍࡚ࡘࡢࢫ࣮࣡ࣝᵓ㐀ࡀᢳฟࡉࢀ㸪ࡑࢀ࡟ᑐᛂࡍ
ࡿ PODಀᩘࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦᗘ᥎ᐃ࡟ࡼࡗ࡚ ൎͲǤ͵ࡢኚືࡀ≉ᐃࡉࢀࡓ㸬ࢫ࣌ࢡࢺ
ࣝ PODゎᯒ࡛ࡣ㸪࣮ࣔࢻ ͳࡢ᭱኱ᅛ᭷್ࡣ ൌͲǤ͵ͺ࡛⌧ࢀ㸪ࡑࢀ࡟┦ᙜࡍࡿ࣮ࣔࢻᵓ㐀ࡣ
ᅗ 4.21࠿ࡽศ࠿ࡿࡼ࠺࡟୍ࡘࡢࢫ࣮࡛࣡ࣝ࠶ࡿ㸬ࡺ࠼࡟㸪ൎͲǤ͵̱ͲǤͶ࡟┦ᙜࡍࡿ᫬㛫ࢫࢣ
࣮ࣝࢆ᭷ࡍࡿᵓ㐀ࡀᏑᅾࡍࡿࡇ࡜ࡣ᫂ⓑ࡛࠶ࡾ㸪ࡇࢀࡀ Swirl-switchingࢆグ㏙ࡍࡿ᭱ࡶ㔜せ




ࡅࡿ┦ᑐⓗ࡞࢚ࢿࣝࢠ್࣮ࢆ♧ࡍ㸬ᅗ 4.22ࡣ㸪➨ 1 ᭤ࡾୗὶࡢ㏿ᗘኚືࢹ࣮ࢱ㸦㠃ෆ㸧࡟

























ᅗ 4.21 ➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢᐃᖖ᮲௳࡟ࡘ࠸࡚㸪ࢫ࣌ࢡࢺࣝ POD࡟ࡼࡗ࡚ᚓࡽࢀ












































ᅗ 4.22 ➨ 1᭤ࡾฟཱྀ࠿ࡽ 1Dୗὶࡢ㠃ෆኚື㏿ᗘ㸦ᐃᖖὶ㸧࡟ᑐࡍࡿࢫ࣌ࢡࢺࣝ
POD࡛ᚓࡽࢀࡓᅛ᭷್࡜ Strouhalᩘࡢ㛵ಀ㸬ྛᅛ᭷್ࡣ඲࡚ࡢᅛ᭷್ࡢ
ྜィ࡛ṇつ໬ࡉࢀ࡚࠸ࡿ






➨  ❶ ஧ḟὶࢀࡢ㠀ᐃᖖᛶ












(1) ᭤ࡾᚋࡢ▐᫬㏿ᗘሙࡸ᫬㛫ᖹᆒ㏿ᗘሙ࡟㛵ࡋ࡚ࡣ㸪➨ 3 ❶࡛♧ࡋࡓ≉ᚩ࡜࡯ࡰྠᵝ࡛
࠶ࡿ㸬➨ 1᭤ࡾᚋࡢ஧ḟὶࢀࡣ Dean ࡛ᵓᡂࡉࢀ㸪➨ 2᭤ࡾᚋ࡛ࡣ Lyne  ࡀฟ⌧ࡍ
ࡿ㸬⬦ືὶ࡛ࡣ୺ὶῶ㏿㐣⛬࡟࡚㢧ⴭ࡞೫ὶࢆ⏕ࡌࡿ㸬ࡲࡓ㸪᫬㛫ᖹᆒⓗ࡟ࡣᐃᖖ࣭⬦
ື᮲௳࡟ࡼࡿᕪ␗ࡣ࡞࠸㸬 
(2) ᭤ࡾᚋࡢ㠃ෆ㏿ᗘᡂศ࡟ᑐࡋ࡚ PODゎᯒࢆ⾜࠺࡜㸪ᐃᖖ࣭⬦ື࡜ࡶ࡟➨ 1᭤ࡾ࡛ࡣࣔ







(4) ⬦ືὶ࡟㛵ࡋ࡚㸪POD࣮ࣔࢻࡢᙉᗘࢆ⾲ࡍ᫬㛫౫Ꮡ PODಀᩘࢆ㆟ㄽࡍࡿࡇ࡜࡛㸪➨ 1
᭤ࡾᚋࡢ Dean ᙉᗘࡣ୺ὶ㏿ᗘࡢ᫬㛫ኚ໬࡟ᚑ࠺ࡇ࡜ࡀศ࠿ࡗࡓ㸬ࡲࡓ㸪Dean ᙉᗘ
ࡢ᫬㛫ኚ໬ࡣ୺ὶ㏿ᗘ࡟ᑐࡋ࡚㐜ࢀࡿࡇ࡜ࡀ☜ㄆࡉࢀࡓ㸦οݐ ߬Τ ൌ ͲǤͳͳ㸧㸬ࡇࢀࡣ㸪᭤ࡾ
㒊࠿ࡽィ ఩⨨㸦᭤ࡾฟཱྀ࠿ࡽ 1D㸧ࡲ࡛ᑐὶࡍࡿ᫬㛫࡛ࡣ࡞࠸࠿࡜᥎ ࡉࢀࡿ㸬 
(5) ࢫ࣮࣡ࣝᵓ㐀ࢆ⾲ࡍ࣮ࣔࢻ 1ࡢ PODಀᩘ࡟ᑐࡍࡿࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦᗘ᥎ᐃࢆ⾜࠺࡜㸪
ᐃᖖ࣭⬦ື࡜ࡶ࡟ ൎͲǤ͵࡟࠾ࡅࡿࣆ࣮ࢡࡀ♧ࡉࢀ㸪ࡇࢀࡣ㛵㐃◊✲࡛♧ࡉࢀ࡚ࡁࡓ್
࡜㠀ᖖ࡟㏆࠸㸬 
(6) ⬦ືὶ࡟㛵ࡋ࡚㸪Dean 㸦࣮ࣔࢻ 0㸧ᙉᗘ࡜ࢫ࣮࣡ࣝ㸦࣮ࣔࢻ 1㸧ᙉᗘ࡟ࡶ᫬㛫ᕪࡀᏑ
ᅾࡋ㸦οݐ ߬Τ ൌ ͲǤʹ㸧㸪ࢫ࢖ࢵࢳࣥࢢ⌧㇟ࡣ୺ὶῶ㏿㐣⛬࡟࡚ᙉࡃ⌧ࢀࡿࡇ࡜ࡀศ࠿ࡗࡓ㸬 




(8) ࢫ࣌ࢡࢺࣝ POD ゎᯒ࡛ᚓࡽࢀࡓᅛ᭷್ࢆ⏝࠸࡚㸪ྛ࣮ࣔࢻ࡟࠾ࡅࡿ࿘Ἴᩘ㸦Strouhal
ᩘ㸧࡜࢚ࢿࣝࢠ࣮ࡢ㛵ಀࢆ♧ࡋࡓ㸬඲యⓗ࡟㸪㧗࿘Ἴ࡟࡞ࡿ࡯࡝࢚ࢿࣝࢠ࣮ࡀపୗࡍࡿ

➨  ❶ ஧ḟὶࢀࡢ㠀ᐃᖖᛶ






















஘ὶሙ࡟㛵ࡍࡿ◊✲⤖ᯝࢆㄽࡌࡓ㸬ᮏ◊✲ࡀᑐ㇟࡜ࡋࡓὶࢀሙࡣ Reynolds ᩘࡀ ൌ
͵͸ǡ͹ͲͲ̱ͶͺǡͲͲͲ㸪 Womersley ᩘࡀ ȽൌͷͻǤͳ̱͹ͲǤͻ ࡛࠶ࡾ㸪㛵㐃◊✲ศ㔝ࡢ୰࡛ࡣẚ㍑ⓗ㧗
Reynoldsᩘ㸪࠿ࡘ㧗Womersleyᩘ࡛࠶ࡿ㸬◊✲᪉⟇࡜ࡋ࡚ࡣᐇ㦂ⓗ࢔ࣉ࣮ࣟࢳࡀ୺࡛࠶ࡾ㸪
➨ 1 ❶࡟࠾࠸࡚ὶయᐇ㦂ࡢᙺ๭࡜㔜せᛶࢆ♧ࡋࡓ㸬ᮏ◊✲࡛ࡣ㏿ᗘ࡟ᑐࡍࡿከⅬྠ᫬ィ 
ἲ࡟ศ㢮ࡉࢀࡿ PIV ࢆ౑⏝ࡋࡓ㸬୰࡛ࡶ㸪➨ 2 ❶ཬࡧ➨ 4 ❶࡛⤂௓ࡋࡓィ ࢩࢫࢸ࣒ࡣ㸪
PIV࡜ࡋ࡚ࡣ㧗࠸᫬㛫ศゎ⬟㸦᭱኱ࢧࣥࣉࣜࣥࢢ࣮ࣞࢺ㸸10 kHz㸧ࢆ᭷ࡍࡿࡶࡢ࡛࠶ࡾ㸪㠀
ᐃᖖᛶࡢᙉ࠸஘ὶሙ࡜ࡢぶ࿴ᛶࡀ㧗࠸㸬౛࠼ࡤ Swirl-switchingࡢࡼ࠺࡞ẚ㍑ⓗ኱ࢫࢣ࣮ࣝࡢ
஘ὶኚື㸦ᮏ◊✲࡛ほ ࡋࡓ Swirl-switchingࡣ 200 Hz⛬ᗘࡢኚື࡛࠶ࡿ㸧࡛࠶ࢀࡤ༑ศᤊ
࠼ࡿࡇ࡜ࡀ࡛ࡁࡿ㸬࡜ࡇࢁ࡛㸪஘ὶࡢ᭱ᑠ ࢫࢣ࣮ࣝࢆ⾲ࡍ Kolmogorovࢫࢣ࣮ࣝࡣ㸪➨ 4
❶࡛ᢅࡗࡓὶࢀሙ࡛ࡣ 70 μm⛬ᗘ࡜ぢ✚ࡶࡿࡇ࡜ࡀ࡛ࡁࡿ㸦ヲ⣽ࡣ௜㘓 D㸧㸬➨ 4❶ࡢ PIV






































RNG k-εࣔࢹࣝ࡟ࡼࡿ CFD ゎᯒࡶᐇ᪋ࡋ㸪஧ḟὶࢀᵓ㐀࡟ᑐࡍࡿ⪃ᐹࢆ୚࠼ࡓ㸬஧ḟὶࢀ
࡜ࡋ࡚ Dean ࡣ㠀ᖖ࡟᭷ྡ࡛࠶ࡾ㸪⬦ື஘ὶሙ࡟࠾࠸࡚ࡶ⏕ࡌࡿࡇ࡜ࡀ▱ࡽࢀ࡚࠸ࡿ [38]㸬
ᮏィ ⤖ᯝ࡟ࡘ࠸࡚ࡶ㸪➨ 1᭤ࡾ㏻㐣ᚋࡢ஧ḟὶࢀࡣ Dean ࠿ࡽᵓᡂࡉࢀࡿ㸬୍᪉㸪ୗὶ





















➨  ❶ ⤖ㄽ
  

RNG k-εࣔࢹࣝࢆ⏝࠸ࡓ CFD ゎᯒ࡟ࡘ࠸࡚ࡣ㸪஧ࡘࡢ᭤ࡾ㛫࡟࠶ࡿ┤⟶ࡢ㛗ࡉࡀ▷࠸⟶
㊰࡟ᑐࡋ࡚ࡶᐇ᪋ࡉࢀ㸪➨ 2୙ኚ㔞ࡢ➼್㠃ࢆᥥࡃࡇ࡜࡛ 3ḟඖⓗ࡞ ᵓ㐀ࢆྍど໬ࡋࡓ㸬




Ⓨ⏕ࡍࡿࡢ࡛㸦ྠ᫬࡟ Dean  ࡶ㸧㸪᭤ࡾᚋࡢ 3 ḟඖⓗ ᵓ㐀ࡣ」㞧࡞ᵝ┦ࢆ࿊ࡍ㸬┤⟶ࡀ
▷ࡅࢀࡤ೫ὶഴྥࡣᙅ࠸ࡀ㸪➨ 1᭤ࡾࡢṧ␃஧ḟὶࢀࡣᙉ࠸ࡣࡎ࡛࠶ࡿ㸬ࡑࢀ࡟ࡶ࠿࠿ࢃࡽ




















ࢆᐇ⌧ࡋࡓ㸬㏿ᗘሙィ ࡟ࡣ᫬⣔ิࢫࢸࣞ࢜ PIV ࢆ⏝࠸ࡓ㸬➨ 4 ❶࡛♧ࡋࡓ᭱ࡶ㔜せ࡞▱
ぢࡢ୍ࡘࡣ㸪⬦ືࢆ᭷ࡍࡿ஘ὶሙ࡟࠾࠸࡚ࡶ Swirl-switchingࡀⓎ⏕ࡍࡿࡇ࡜࡛࠶ࡾ㸪➹⪅ࡀ
▱ࡿ㝈ࡾࡇࡢࡇ࡜ࢆ♧ࡋࡓࡢࡣᮏ◊✲ࡀึ࡛࠶ࡿ㸬Swirl-switchingࡣ᭤ࡾᚋࡢ㠃ෆ㏿ᗘࢹ࣮
















switchingࡢ࿘Ἴᩘ≉ᛶࢆ㆟ㄽࡋ࡚ࡁࡓ [59-61, 66, 67, 69, 70]㸬ᮏ◊✲ࡶࡇࢀࡽ࡟ೌ࠸㸪ࢫ࣡
࣮ࣝᵓ㐀ࢆ⾲ࡍ࣮ࣔࢻ 1ࡢ PODಀᩘ࡟ᑐࡋ࡚ࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦᗘ᥎ᐃࢆ⾜ࡗࡓ㸬ࣆ࣮ࢡ
ࡀ⌧ࢀࡿ࿘Ἴᩘࢆ Strouhalᩘ࡛⾲ࡍ࡜ ൎͲǤ͵࡜࡞ࡾ㸪Hufnagel et al. [59] 㸦ൌͲǤ͵ʹ㸧ࡸ
Hellström et al. [66] 㸦ൌͲǤ͵͵㸧࡜㏆࠸࿘Ἴᩘ≉ᛶࡀᚓࡽࢀࡓ㸬ࡇࢀࡽࡢ◊✲ࡣ Reynoldsᩘ
㸦Hufnagel et al. [59] 㸸ൌͳͳǡ͹ͲͲ㸪Hellström et al. [66] 㸸ൌʹ ͷǡͲͲͲ㸧ࡸ᭤ࡾࡢ᭤⋡㸦Hufnagel 































㐣ࡍࡿࡇ࡜࡛Ⓨ⏕ࡍࡿᖹᆒⓗ࡞ Lyne ᵓ㐀 㸪ࠖࠕ⬦ືὶୗ࡟࠾ࡅࡿ Swirl-switchingࡢⓎ⏕ 㸪ࠖ









LESࡸ DNSࡀᚲ㡲࡛࠶ࡿ㸬➨ 1❶࡛㏙࡭ࡓࡼ࠺࡟㸪ᐇ⏝ၥ㢟࡟ᑐࡍࡿ LESࡸ DNS࡛ࡣὶ
ධቃ⏺࡟࠾ࡅࡿኚືࡢ୚࠼᪉ࡀ㞴ࡋࡃ㸪᭤ࡾ⟶ෆὶࢀࡢィ⟬ࡘ࠸࡚ࡣ㸪࿘ᮇቃ⏺᮲௳࡟ᇶ࡙


















࣮ࢧ࣮⢏Ꮚࡢ㐠ື≉ᛶࡢヲ⣽࡟ࡘ࠸࡚ࡣᩥ⊩ [140] ࢆཧ↷ࡉࢀࡓ࠸㸬 
ḟ࡟♧ࡍ Basset-Boussinesq-Oseen 㸦BBO㸧ᘧ [141] ࡣ㸪ὶయ୰࡟࠾ࡅࡿ⢏Ꮚࡢ㐠ືࢆ⾲
ࡍ᪉⛬ᘧ࡛࠶ࡿ㸬 
ߨ݀ଷ
͸ ή ߩ௉ ή
݀ݑ௣
݀ݐ ൌ ͵ߨߥߩ௙݀൫ݑ௙ െ ݑ௉൯ ൅
ߨ݀ଷ
























 ὶయࡢ㏿ᗘݑ௙ࡀᘧ (A.2) ࡢࡼ࠺࡟ゅ㏿ᗘ߱࡛ኚືࡍࡿ࡜ࡁ㸪⌫ᙧ⢏Ꮚࡢ㏿ᗘݑ௉ࡣᘧ
(A.3) ࡛⾲ࡉࢀࡿ㸬








ߟࡣࢺ࣮ࣞࢧ࣮⢏Ꮚࡢὶయ㏿ᗘ࡟ᑐࡍࡿ᣺ᖜẚݑ௉ ݑ௙Τ 㸪ߚࡣ఩┦㐜ࢀ࡛࠶ࡾ㸪ḟࡢᘧ (A.4)
㹼(A.9)ࢆ⏝࠸࡚ィ⟬ࡉࢀࡿ㸬
ߟ ൌ ටሺͳ ൅ ଵ݂ሻଶ ൅ ଶ݂ଶǡ (A.4)


௜㘓 $ 3,9 ࡟࠾ࡅࡿࢺ࣮ࣞࢧ࣮⢏Ꮚࡢ㏣ᚑᛶ
  





ξʹሺݏ ൅ ͳ ʹΤ ሻ ௦ܰ
ቋ ൬ ͳ െ ݏݏ ൅ ͳ ʹΤ ൰
ͺͳ





൅ ቊͳ ൅ ͻ















൅ ቊͳ ൅ ͻ
























































ߚ ሾιሿ െ͸ǤͳͲ 
ݑ௣௦ ሾȀሿ ͳǤͺʹ ൈ ͳͲିସ 























































































ᘧ (B.1) ࡟ὀ┠ࡍࡿ㸬Dean [30] ࡢ௬ᐃ࡜ྠᵝ࡟㸪ὶࢀࡣ⟶㍈᪉ྥ㸦θ᪉ྥ㸧࡟୍ᵝ࡛࠶ࡿ




























࡜࡞ࡿ㸬ᘧ (B.3) ࡢྑ㎶➨ 3 㡯ࡣ⢓ᛶ㡯࡛࠶ࡾ㸪ᣑᩓࡢຠᯝࢆ⾲ࡍ㸬ྑ㎶➨ 1 㡯࡜➨ 2 㡯















ᅗ B.1 ሺݎǡ ߠሻᗙᶆ⣔ࡢᐃ⩏㸬ᑐᛂࡍࡿ㏿ᗘᡂศࡣሺݑ௥ǡ ݑఏሻ






㏿ᗘ  ᡂศ࡟ᑐࡍࡿ 32' ゎᯒ
 
ᮏᩥ㸦➨ 4❶㸧࡛ࡣ㸪᭤ࡾᚋࡢ⟶㊰᩿㠃ෆ࡟࠾ࡅࡿ㠃ෆ㏿ᗘ 2ᡂศࢆ PODゎᯒࡢᑐ㇟࡜
ࡍࡿࡇ࡜࡛஧ḟὶࢀᵓ㐀ࡢ㠀ᐃᖖᛶ࡟╔┠ࡋࡓ㸬ࡇࡇ࡛ࡣ㸪ཧ⪃⛬ᗘ࡟㠃እᡂศࡶྵࡵࡓ㏿
ᗘ 3ᡂศ࡟ᑐࡍࡿ PODゎᯒ⤖ᯝࢆ⤂௓ࡍࡿ㸬 
ᇶᮏⓗ࡞ィ⟬ᡭἲࡣ 4.2.2㡯࡜ྠᵝ࡛࠶ࡾ㸪ᘧ (4.1) ࡟ᇶ࡙࠸࡚㸪᫬㛫ᖹᆒ್ࡶྵࡵࡓ㏿
ᗘࢹ࣮ࢱ࠿ࡽィ⟬ࡉࢀࡿ┦㛵⾜ิ࡟ᑐࡍࡿᅛ᭷್ၥ㢟࡜ࡋ࡚ᐇ᪋ࡉࢀࡿ㸬➨ 1 ᭤ࡾฟཱྀ࠿
ࡽ 1D ୗὶࡢ㏿ᗘ 3 ᡂศࢹ࣮ࢱ࡟ࡘ࠸࡚㸪ᐃᖖ࣭⬦ື᮲௳࡟࠾ࡅࡿ POD ࣮ࣔࢻ 0㹼2 ࢆᅗ
C.1࡟♧ࡍ㸬㠃ෆࡢὶࢀᵓ㐀ࢆὶ⥺㸪୺ὶ᪉ྥᡂศࢆ࣮࢝ࣛࢥࣥࢱ࣮࡛⾲ࡋ࡚࠸ࡿ㸬࣮ࣔࢻ
0ࡀ⾲ࡍὶࢀᵓ㐀ࡣ㸪ᐃᖖ࣭⬦ື᮲௳࡜ࡶ࡟ Deanᆺࡢ஧ḟὶࢀ࡜እቨഃ࡟⏕ࡌࡿ୺ὶ㧗㏿
ᇦ࡛࠶ࡿ㸬ࡇࡢᵝ┦ࡣ᫬㛫ᖹᆒ㏿ᗘሙ㸦ᅗ 4.9a, b㸧࡜୍⮴ࡍࡿ㸬࣮ࣔࢻ 1ࡢ㠃ෆὶࢀᵓ㐀ࢆ







ḟ࡟㸪ᘧ (4.2) ࢆ⏝࠸࡚ồࡵࡽࢀࡿ᫬㛫౫Ꮡࡢ PODಀᩘࢆ㆟ㄽࡍࡿ㸬ᅗ C.2ࡣ㸪Welchࡢ
᪉ἲ࡟ࡼࡗ࡚᥎ᐃࡉࢀࡓ ࣮ࣔࢻ 1 ࠾ࡼࡧ࣮ࣔࢻ 2 ࡢ POD ಀᩘ࡟㛵ࡍࡿࣃ࣮࣡ࢫ࣌ࢡࢺࣝ
ᐦᗘ࡛࠶ࡿ㸬ᐃᖖ᮲௳ࡢ࣮ࣔࢻ 1㸦ᅗ C.2a㸧࡛ࡣ㸪ൎͲǤ͵࡟࡚ࣃ࣮࣡ࢫ࣌ࢡࢺࣝࡢࣆ࣮ࢡ
ࢆ⏕ࡌ࡚࠾ࡾ㸪2ᡂศ㏿ᗘࢹ࣮ࢱ࡟ᑐࡍࡿ POD࡜୍⮴ࡍࡿ㸦ᅗ 4.16ཧ↷㸧㸬⬦ື᮲௳ࡢ࣮ࣔ
ࢻ 1㸦ᅗ C.2b㸧࡟ࡘ࠸࡚ࡣ㸪ࣆ࣮ࢡࡀほᐹࡉࢀࡿ࿘Ἴᩘࡣ ൎͲǤͲ͸࡛࠶ࡾ㸪ࡇࢀࡣ୺ὶࡢ
⬦ື࿘Ἴᩘ࡜୍⮴ࡍࡿ㸬ࡍ࡞ࢃࡕ㸪⬦ືὶୗ࡟࠾࠸࡚ࡣ㸪⬦ື⏤᮶ࡢᖹᆒⓗ࡞ὶࢀᵓ㐀ࡢኚ
ື㸦౛࠼ࡤ୺ὶῶ㏿㐣⛬࡛೫ὶഴྥࡀᙉࡃ࡞ࡿഴྥ➼㸸ᅗ 4.8b, c㸧ࡀ࣮ࣔࢻ 1࡜ࡋ࡚ᢳฟࡉ
ࢀࡓ࡜⪃࠼ࡽࢀࡿ㸬๓㏙ࡢࡼ࠺࡟㸪⬦ື᮲௳࡛ࡣ Swirl-switching࡟㛵㐃ࡍࡿᵓ㐀ࡣ࣮ࣔࢻ 2
࡜ࡋ࡚ᢳฟࡉࢀࡿࡢ࡛㸪ࡑࢀ࡟ᑐᛂࡍࡿ PODಀᩘࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝ㸦ᅗ C.2d㸧ࡣ ൎͲǤ͵
࡛ࣆ࣮ࢡࢆ⏕ࡌࡿ㸬
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ᅗ C.2 ➨ 1᭤ࡾ࠿ࡽ 1Dୗὶࡢ㏿ᗘ 3ᡂศࢹ࣮ࢱ࡟㛵ࡍࡿ PODಀᩘࡢࣃ࣮࣡ࢫ࣌ࢡࢺࣝᐦ

























































0251R-T5㸧ࢆᤄධࡋࡓ㸬ィ ࡢࢧࣥࣉࣜࣥࢢ࿘Ἴᩘࡣ 100 kHz࡛࠶ࡾ㸪106Ⅼ㸦= 10⛊㛫㸧
ࡢࢹ࣮ࢱࢆྲྀᚓࡋࡓ㸬ᐇ㝿࡟ィ ࡉࢀࡓ୺ὶ᪉ྥ㏿ᗘࡢ᫬㛫ኚ໬ࢆᅗ D.1࡟♧ࡍ㸬ᑐὶ㏿ᗘ
ݓ௖ࢆィ ࡉࢀࡓࢹ࣮ࢱࡢ᫬㛫ᖹᆒ್ݓഥ࡜ࡳ࡞ࡋ࡚ᘧ (D.5) ࢆィ⟬ࡍࡿ࡜㸪εൌͳͶͲʹȀ͵࡜
࡞ࡿ㸬ࡇࢀࢆᘧ (D.1) ࡟௦ධࡍࡿ࡜㸪Kolmogorovࢫࢣ࣮ࣝࡣ ηൌ͹ͲɊ࡜ぢ✚ࡶࡿࡇ࡜ࡀ
࡛ࡁࡿ㸬ࡓࡔࡋ㸪ື⢓ᛶಀᩘࡣ νൌͳǤͷൈͳͲǦͷʹȀ࡜ࡋࡓ㸬 
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